The effect of ageing and thermal cycling on the shape memory properties of nickel-titanium by Middleton, Lynette Ann
University of Wollongong 
Research Online 
University of Wollongong Thesis Collection 
1954-2016 University of Wollongong Thesis Collections 
1988 
The effect of ageing and thermal cycling on the shape memory properties 
of nickel-titanium 
Lynette Ann Middleton 
University of Wollongong 
Follow this and additional works at: https://ro.uow.edu.au/theses 
University of Wollongong 
Copyright Warning 
You may print or download ONE copy of this document for the purpose of your own research or study. The University 
does not authorise you to copy, communicate or otherwise make available electronically to any other person any 
copyright material contained on this site. 
You are reminded of the following: This work is copyright. Apart from any use permitted under the Copyright Act 
1968, no part of this work may be reproduced by any process, nor may any other exclusive right be exercised, 
without the permission of the author. Copyright owners are entitled to take legal action against persons who infringe 
their copyright. A reproduction of material that is protected by copyright may be a copyright infringement. A court 
may impose penalties and award damages in relation to offences and infringements relating to copyright material. 
Higher penalties may apply, and higher damages may be awarded, for offences and infringements involving the 
conversion of material into digital or electronic form. 
Unless otherwise indicated, the views expressed in this thesis are those of the author and do not necessarily 
represent the views of the University of Wollongong. 
Recommended Citation 
Middleton, Lynette Ann, The effect of ageing and thermal cycling on the shape memory properties of 
nickel-titanium, Master of Metallurgy (Hons.) thesis, Department of Metallurgy and Materials Engineering, 
University of Wollongong, 1988. https://ro.uow.edu.au/theses/2596 
Research Online is the open access institutional repository for the University of Wollongong. For further information 
contact the UOW Library: research-pubs@uow.edu.au 

THE EFFECT OF AGEING AND THERMAL CYCLING 
ON THE SHAPE MEMORY PROPERTIES 
OF NICKEL-TITANIUM
A thesis submitted in fulfilment of the 
requirements for the award of the degree of
HONOURS MASTER OF METALLURGY
from
[ UNIVERSITY OP WOLLONGONG
library
THE UNIVERSITY OF WOLLONGONG
by
Lynette Ann Middleton
Department of Metallurgy and Materials Engineering
1988
8  í  6  T 6 0
AKNOWLEDGEMENTS
I wish to thank Associate Professor Noel Kennon and 
Associate Professor Druce Dunne for their guidance and 
assistance during the research program.
The assistance of the workshop staff is preparing specimens 
is gratefully aknowledged.
Thanks also to Raychem Corporation, California USA for the 
NiTi rod used in this work.
Many thanks also to Doctor Alan Wingrove and Ann Webb for 
continued help and support.
TABLE OF CONTENTS
page
ABSTRACT
DEFINITIONS
ABBREVIATIONS
1. INTRODUCTION 1
2. SHAPE MEMORY PHENOMENA 4
2.1 Martensitic transformation 7
2.1.1 Hysteresis behaviour 1 0
2.1.2 The role of dislocations 1 1
3.1.3 Structural and microstructural changes 
associated with the transformation 1 3
2 .2 Types of Shape memory 21
2.2.1 Thermoelastic transformations 21
2.2.2 The pseudoelasticity effect 25
2.2.3 Shape memory effect 28
2.2.3a The shape memory effect and 
transformation p lastic ity 32
2.2.4 Two-way memory effect 32
2.2.5 The all-round memory effect 35
3. SHAPE MEMORY MATERIALS 37
3.1 |3-phase Copper Alloys 37
3.2 Nit ino l 39
3.3 Miscellaneous Alloys 40
4. NITINOL 42
4.1 Composition 42
4 .2 Properties of Nitinol 45
4 .3 Structure-Crystallography of Nitinol 51
4 .4 Premarten sit ic Effects 56
5. AGING AND THERMAL CYCLING
OF NITINOL 64
5.1 Calorimetry (Differential Scanning
Calorimetry and Differential Thermal 
Analysis) 64
5 .2  Effect of Heat Treatment and Aging 79
5 .3  Effect of Aging and Thermal Cycling
on the R-phase Transition 85
6. EXPERIMENTAL 9 9
6.1 Experimental Procedure and Results 104
6.1.1 Effect of second heat treatment temperature
after thermal cycling (samples 1-9b) 105
6.1.2 Effect of thermal cycling (samples 2.1-2.2) 104
(i) Effect of thermal cycling on peaks
(samples 2.1,2.2) 105
(ii) Effect of combination of manual and DSC
cycles (Samples 2.3-2.6) 106
6.1.3 Isothermal treatments (samples B1-B34) 107
6.1.4 Aging (samples C1-F1) 108
6.1.5 Effect of cold deformation and various heat
treatment temperatures (samples G1-G12) 109
7. DISCUSSION 110
7.1 Effect of Second Heat Treatment
Temperature After Thermal Cycling 111
7 .2  Effect of Thermal Cycling 117
7.2.1 Effect of thermal cycling on peaks 117
7.2.2 Effect of combination of manual cycles (100
<=>-100°C) and DSC cycles (200<=>-100°C) 120
7 .3  Isothermal Treatments (Figs. 39-43) 124
7.3.1 Isothermal treatment at 250°C 126
7.3.2 Isothermal treatment at 300°C 129
7.3.3 Isothermal treatment at 350°C 130
7.3.4 Isothermal treatment at 400°C 132
7.3.5 Isothermal treatment at 450°C 134
7 .4  Aging 136
7.4.1 Aging at 800°C 137
7.4.2 Aging at 800°C with all thermal cycles 
carried out in the DSC
(a) 2 hours at 800°C - Sample C17 139
(b) 36 hours at 800°C - Sample C18 140
7.4.3 Aging at 850°C 142
7.4.4 Aging at 900°C 144
7.4.5 Long term aging at 450°C 1 45
7 .5  Effect of Cold Deformation and Various
Heat Treatment Temperatures 148
8. CONCLUSIONS 154
REFERENCES 
APPENDIX 1. 
APPENDIX 2.
APPENDIX 3.
ABSTRACT:
Nitinol alloys are based on the intermetallic compound TiNi 
and are noted for a shape memory capability which results from 
martensitic transformation.
Shape memory alloys will regain an original shape during 
heating through a critical range of temperatures, provided they 
have been processed with an appropriate thermo-mechanical 
treatment. Depending upon the the alloy composition, the critical 
temperature at which the shape memory effect occurs may be 
above or below ambient temperature. In this critical 
temperature range the crystal structure of the alloy changes by a 
diffusionless thermoelastic martensitic transformation.
Shape memory behaviour may be exploited in a variety of 
devices for engineering and medical applications. Devices 
utilising wires, rods, tubes, plates or springs made from a shape 
memory alloy can have 'cold' and 'warm' shapes which may be 
freely chosen within certain limitations. Many devices involve 
cyclic shape recovery during thermal or strain cycling and the 
effective operation of the device necessitates sustained recovery 
with no degradation due to metallurgical changes in the material.
Degradation of shape memory behaviour is a significant
problem in technological applications of shape memory alloys. 
During repeated transformation cycling through the 
transformation temperature range, the amount of recoverable 
deformation as well as the transformation temperatures are 
known to change. These changes indicate that irreversible 
processes of some kind occur in the ideally-reversible 
thermoelastic martensitic transformation.
Thermal transformation cycling includes effects due to the 
low temperature ageing which improve the degree of order in 
addition to those effects due to the transformation per se. Thus 
the cycling dependence of Ms could be different in different alloys 
of the same system. The presence of structural defects may 
alter the transformation characteristics as will irreversible 
effects such as motion of dislocations and formation of 
precipitates.
The metallurgical changes associated with these processes 
influence characteristics of the forward and reverse martensitic 
transformations and in particular, the characteristic 
temperatures for transformation.
The objective of the work described in this thesis is to use
the technique of Differential Scanning Calorimetry to gather 
information about the irreversible processes causing changes in 
transformation temperatures for an industrial equiatomic NiTi 
alloy due to the effects of processing variables. The variables 
examined are heat treatment, ageing, thermal cycling, and cold 
deformation.
In general this work has shown that first, increasing the 
number of thermal cycles reduces the martensitic peak 
temperature and height and results in the appearance of a two 
step premartensitic transformation.
Secondly, heating to at least 450°C for 1 minute was 
required to regain cycle 1 peak temperatures after thermal 
cycling.
Thirdly, for samples aged at 800°C and above the shorter the 
time at temperature the lower were the transformation peaks.
Fourthly, cold work lowers the transformation peak 
temperatures, height and value of AH, and the greater the amount 
of cold deformation the lower the values obtained.
Fifthly, after cold work, a temperature of at least 600°C 
was found to be necessary to restore samples to an unstressed
state.
DEFINITIONS
Various terms which are related to the work described in 
this thesis are defined below.
B2 - the high temperature phase of NiTi 
alloys, the equilibrium b.c.c. structure after the 
annealing at ~500°C.
R - the phase in NiTi associated with ’premartensitic' 
behaviour; apparently related to structural 
changes, including a rhombohedral distortion of 
the B2 structure.
P  - the structure encompassing both B2 and R.
P / - martensite - the low temperature phase resulting
from martensitic transformation of both B2 
and R; stable below the transformation 
temperature.
Ms - temperature at which martensite begins to form 
on cooling in the absence of stress. (This 
temperature is usually sharply defined in any 
particular material).
Mf - temperature at which the transformation to 
martensite is complete in the absence of stress on 
cooling. (This temperature is usually ill-defined 
as the final stages of the transformation are 
difficult to identify).
Md - maximum tem perature at which the 
transformation to martensite can take place on 
cooling under an externally applied stress.
As - temperature at which unstressed martensite 
begins to transform to the high temperature phase 
on heating.
Af - temperature at which transformation of
martensite to the high temperature phase is 
complete on heating.
Ad - minimum temperature at which martensite will 
transform to the high temperature phase by the 
action of an applied stress.
To - the equilibrium temperature at which the free
energies of the austenite and the martensite with 
comparably high structural perfection are equal.
Forward and reverse transformation - 
the transformation, respectively of austenite to 
martensite and of martensite to austenite.
No-stress transformation -
transformation occurring in absence of an applied 
stress.
ABBREVIATIONS
SME - shape memory effect
PE - pseudoelasticity
RLC - reversible linear change
TWME - two way memory effect
ARSME - all round shape memory effect
DSC - 
DTA-
diffferential scanning calorimeter 
differential thermal analysis 
1. INTRODUCTION
The near equiatomic NiTi-alloys undergo a martensitic 
transformation at temperatures near ambient. This martensite is 
thermo-elastic in that the transformation is reversible on 
subsequent heating and cooling with small temperature 
transformation hysteresis.
Such alloys deformed in or into, the martensitic state will 
return to the original shape during the reverse transformation on 
subsequent heating. This phenomenon is termed the shape 
memory effect.
Shape memory behaviour may be exploited in a variety of 
devices for engineering and medical applications. Many of the 
devices involve cyclic shape recovery during thermal or strain 
cycling and the effective operation of the device necessitates 
sustained recovery with no degradation due to metallurgical 
change in the material.
Degradation of shape memory behaviour is a significant 
problem in technological applications of shape memory alloys. 
During repeated transformation cycling through the 
transformation temperature range, the amount of recoverable
3 0009 02896 7003
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deformation as well as the transformation temperatures are 
known to change. These changes indicate that irreversible 
processes of some kind occur in the ideally-reversible 
thermoelastic martensitic transformation.
Thermal transformation cycling includes effects due to the 
low temperature ageing which improve the degree of order in 
addition to those effects due to the transformation per se. Thus 
the cycling dependence of Ms could be different in different alloys 
of the same system. The presence of structural defects may 
alter the transformation characteristics as will irreversible 
effects such as motion of dislocations and formation of 
precipitates.
The metallurgical changes associated with these processes 
influence characteristics of the forward and reverse martensitic 
transformations and in particular, the characteristic 
temperatures for transformation. Measurement of the 
temperatures using a technique with appropriate sensitivity 
should provide valuable information about the irreversible 
processes causing the temperature changes.
The objective of the work described in this thesis was to 
use the technique of Differential Scanning Calorimetry to study
3
the effects of processing variables on the martensite start and 
finish temperatures which may alter austenite start and finish 
temperatures for an industrial equiatomic alloy of NiTi (Nitinol).
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2. SHAPE MEMORY PHENOMENA
At temperatures near ambient the NiTi intermetallic 
compound undergoes a martensitic transformation accompanied by 
unusual thermal-mechanical behaviour. The martensitic 
transformation is thermo-elastic being reversible upon heating 
and cooling over a number of cycles and the hysteresis is often 
quite small. Similar martensitic transformations also occur in 
several noble and transition metal alloys such as CuZn, AuCd,
AgCd, InTI, CuAINi, CuZn-ternaries and Fe0Pt (1).
It is well established (1) that the high temperature phase in 
TiNi is the ordered B2 (CsCI)-type b.c.c. structure. On cooling a 
"premartensitic" phenomenon occurs, and is characterized by the 
temperature coefficient of the electrical resistivity becoming 
negative just above the Ms temperature, (Fig. 1). This increase in 
resistivity on cooling attains a maximum and decreases again as 
the martensite is formed (2,3). The resistivity peak 
corresponds with the Ms temperature and is not observed during 
the heating part of a transformation cycle.
Should the martensitic alloy be deformed by stressing, the 
original shape will be recovered upon heating through the reverse
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transformation. This effect is termed shape memory effect (Fig. 
2) and it has been suggested (4) that necessary preconditions for 
the SME are:
1. the martensitic transformation be thermo-elastic,
2. the martensite be internally twinned, and
3. the initial and martensitic phases be ordered.
Because the recovery process is reversible it is thought 
that slip-dislocation motion, which is irreversible, can not be 
integral to either the deformation or recovery processes.
This section will be concerned with a brief account of the 
origin and types of shape memory behaviour.
Figure 1. Diagram showing the variation of electrical 
res is tiv ity  with tem perature a fte r 
’complete' (left) and 'incomplete' (right) 
cycles. (2)
6
Figure 2. Schematic representation of a stress-strain 
curve showing the shape-memory effect by 
martensite formation or reorientation: (a) the 
deformation stage; (b) the shape recovery 
while heating the specimen. (5)
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2.1 Martensitic Transformation
Martensite is formed as a result of a martensitic 
transformation. Originally the term martensite was used only for 
ferrous systems but now is generally used for non-ferrous as 
well.
The martensitic transformation is defined by Wasilewski 
(6) as a "first order solid state structural transformation which 
is diffusionless, involves relative atom movement of less than 
the interatomic spacing, and exhibits a lattice correspondence 
(which is not necessarily unique) between the initial and the final 
structures".
It is an adiabatic process, involving a macroscopically 
non-directional distortion which is accommodated both 
elastically and by the formation of predominantly immobile 
dislocations, and which is difficult to subdivide into discrete 
stages of nucleation and growth (6).
A martensitic transformation can be distinguished in terms 
of crystallographic and geometrical properties. These properties 
result from a structural transformation occurring by regular or 
co-ordinated movements in which atoms are generally displaced
8
by less than the interatomic distance.
Some typical features which accompany a martensitic 
transformation are that (7):
a) there is an accompanying shape change corresponding to 
a homogeneous strain,
b) the plates or laths form on a definite, but usually 
irrational, habit plane,
c) the initial and final lattices have a precise orientation 
relationship, and
d) the product is structurally heterogeneous containing 
twins, stacking faults, dislocations arrays, or other 
defects.
The essential feature of martensite formation (6) is its
self-accommodating nature, and that in general this requires a
simultaneous (or cooperative) formation of two or more
equivalent variants. Since the martensite/martensite interface 
energy is minimized if coherent interfaces can form, the adjacent 
variants which can form such interfaces are likely to be common 
when this is geometrically possible; however this is not a
necessary condition. Due to the self-accommodation there is no 
overall shape distortion in bulk transformation, although the
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volume change may be isotropic. Therefore the shape changes 
often observed are due to the relaxed constraints at the surfaces, 
or to the crystal anisotropy in single crystals, or to both these 
causes when the transformation takes place in the absence of an 
applied stress.
Martensitic transformations can be induced by the 
application of stress as well as by changes in temperature (5). 
This interchangeability of temperature and stress as variables 
affecting the transformation is due to two effects:
1 ) the free enthalpy of the matrix and product phase and thus 
their equilibrium, depend not only on variation in temperature and 
composition but also on stress (the influence of shear stresses is 
dominant, volume stresses become significant only in the 
ultra-high pressure range); and
2) the nucleation and growth processes are associated with 
shear strains and these will interact with stresses acting within, 
or applied to the material.
Moreover, the thermodynamic 1) and the kinetic 2) effects 
are strongly dependent on the direction of stresses with respect
to the lattice orientations.
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2 .1 .1 . Hysteresis behaviour
The temperature range Ms-Mf is related to the total energy 
stored during the transformation (6). For a small value of this 
stored energy the range will be small, the hysteresis loop narrow, 
and the asymmetry between the cooling and the heating curves 
minimal. Conversely, for transformation requiring large stored 
energy values there will be broad Ms-Mf range , a large hysteresis 
width and marked asymmetry. This is consistent with 
observations in In-TI, AuCd and NiTi which are representative of 
the low energy transformations, and the ferrous alloys which are 
representative of the high energy transformations.
The martensitic transformation can also be effected by the 
application of a suitable stress at temperatures above Ms, and 
this stress-assisted transformation is also reversible although 
with an appreciable hysteresis (6). The reversibility, whether 
with or without measurable hysteresis, clearly indicates that no 
irreversible process need be involved in the transformation. The 
formation and growth of the martensite cannot be the result of 
the generation and motion of dislocations, since neither of these 
processes is reversible. It follows that plastic deformation 
cannot be inherent in the martensitic transformation.
2 .1 .2 .777e role of dislocations
To account for the experimentally observed high densities of 
dislocations associated with martensitic transformations it is 
suggested (6) that these originate in the self-accommodation 
mechanism. The high rate of formation of martensite results in 
very high levels of local strain energy because of distortion 
resulting from the formation of the individual martensite 
domains, and insufficient time to permit any relaxation of the 
resulting local stresses (6). It seems probable that this localized 
strain energy accumulation may approach the lattice strength, and 
can then be more readily accommodated if a dislocation forms. A 
large part of the local strain energy is then accommodated 
instantaneously within the core and a similar part is also 
accommodated at a rate corresponding to elastic velocity within 
the long-range strain field of the dislocation (6).
According to this hypothesis (6), the dislocation forms as 
the result of local strain energy as an alternative to the local 
breakdown of the lattice, and not in response to any specific 
shear stress. Therefore it is not likely to move, its formation 
being merely a form of strain energy accommodation, and it will
be referred to as an acccommodation dislocation. Such
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dislocations are effectively sessile, and should form more or less 
uniformly throughout a single domain of the martensite as the 
growth progresses. They need not all be of the same kind, nor do 
they all have to have the same Burgers vector. The only 
requirement in a single martensite domain is that the total 
distortion due to the formation of the domain must be 
accommodated by the accommodation dislocations. Since each 
single domain is formed through the operation of a specific 
combination of phonon modes the sum of the Burgers vectors 
within each domain will be, in general, non-zero, and the resulting 
shears must be elastically accommodated by the surrounding 
matrix (6).
When the martensitic domains impinge upon each other 
however, long-range elastic accommodation by the matrix may not 
be possible (6), and the presumed different distortions of the 
neighbouring domains must be accommodated at their interfaces. 
Again the very high interface energy between the differently 
oriented adjacent groups of domains must be accommodated by 
the formation of dislocations. These accommodation dislocations 
will start forming before the actual impingement takes place (6). 
The final result should be a band of high density, tangled
accommodation dislocations at interdomain interfaces, as indeed 
is quite generally observed (6).
In the no-stress transformation the presence of 
accommodation dislocations both within the individual domains, 
and as inter-domain tangles of high dislocation density can be 
expected (6).
2.1.3. Structural and microstructurat changes associated
with the transformation
The formation of a martensitic plate is accompanied by a 
macroscopic shape change (5). Although martensite formation is 
associated with this shape change which is characterized by an 
invariant plane strain minimizing the two-dimensional strain 
along the habit plane, a three-dimensional strain is built up as 
the plate grows into the third dimension. If the transformation 
occurs in a single crystal and if the habit plane extends from one 
free surface to another, i.e. a single-interface transformation, the 
two parts of the parent material will be displaced with respect to 
each other (5). The amount and direction of the displacement will 
be determined by the thickness and relative orientation of the 
martensitic plate. The formation of this single plate can occur on
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cooling or on applying an external stress to a single crystal. Upon 
heating the crystal or upon releasing the stress, the plate may 
disappear by the same martensitic mechanism (5). The original 
shape of the crystal will be restored. Thus the single interface 
transformation which occurs during alternating cooling and 
heating or loading and unloading demonstrates the simplest 
mechanism for obtaining the two-way memory effect and 
pseudoelasticity.
If the starting material consists of a single martensitic 
plate, the shape change can be achieved by applying a shear stress 
in such a way that the internal interfaces, which may either be 
twin boundaries or interfaces separating two different stacking 
sequences, move (5). One of the two twin variants or stacking 
variants will shrink while the other grows resulting in a 
macroscopic shape change.
Under normal conditions, i.e. no single interface 
transformation and zero external stress, the formation and 
reverse transformation of martensite will not produce an external 
shape change of the specimen because differently oriented 
martensitic plate variants form in such a way that the individual 
shape changes compensate each other (5). A particular mode of
1 5
compensation of the shape changes lies in the 
self-accommodating character of the martensite formation in 
certain alloy systems. The parent phase above and below the 
martensitic plates remains fixed, and in order to minimize the 
strains and stresses, two or more out of the twenty-four possible 
plate variants will grow together as a self-accommodating plate 
group (5).
If the sample is not kept fixed but strained by a shear 
stress, the plate group tends to minimize the internal stresses by 
changing the fractions of the two variants present.
If the martensite is in contact with the matrix phase, the 
nature of the internal structure of the martensitic plates will 
remain unchanged by the external stresses and strains, because 
the invariant plane strain conditions must remain satisfied at the 
habit planes (5). However, the external stresses necessary to 
move the interfaces may exceed the yield stress of the matrix 
phase. Slip will then occur in one or both of the phases, altering 
the boundary conditions at the habit plane.
A martensitic plate does not always belong to a 
self-accommodating group of plates (5), but, may be tapered at 
both ends. At these tapered ends the invariant plane strain
1 6
condition is no longer fulfilled, and dislocations will be present 
at the end of the tapers. If the martensite plate has a taper only 
at one end the specimen will be bent or, conversely, by applying 
bending stresses, the martensite can be made to taper at one end. 
If the specimen is fully martensitic and consists of
self-accommodating groups of martensite plates, then on 
stressing, movements of existing martensitic plate boundaries or 
creation of new boundaries together with changes in the internal 
structure will occur (5). Because no untransformed parent phase 
is present, no invariant plane strain conditions need to be 
satisfied and only a three-dimensional strain minimization is 
necessary. The maximum shape change that can then be achieved 
is limited by the so-called Bain strain.
The reverse transformation (i.e. from martensite to the 
parent phase) proceeds in most cases along the same path as the 
initial transformation (5), because in these cases the symmetry 
of the low temperature (martensite) phase is lower than the 
symmetry of the parent phase. Therefore, whilst a large number 
of crystallographically equivalent martensitic plates can form in 
the parent phase (a maximum of twenty-four for a cubic parent 
phase) only a limited number of different orientations of the
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parent phase can form from the martensite crystal. In some cases 
only one orientation of the parent phase can be formed and will 
have an orientation identical to the orientation of the original 
parent phase. This is especially so in the case where the parent 
phase has long range order, since this imposes additional 
restrictions. Even when the formation of several parent 
orientations is possible, transformation to the original parent 
orientation will still be preferred because in this way no new 
accommodation stresses are introduced and no new interfaces 
need be created. This effect will be very strong for a 
self-accommodating group of martensitic plates in which a strong 
mechanical coupling exists among the different martensitic 
variants.
As mentioned earlier (5), the effect of an external tensile 
stress can be either to form stress-induced martensite (Fig.3a) or 
to cause a reorientation of existing martensitic variants. The 
variant of martensite formed on application of external stress 
depends on the nature of the external stress. Similarly, when 
more than one variant is present, the reorientation will not be 
identical in tension and in compression. This is represented in Fig. 
3b, in which the variants 1 and 2 are preferred under tensile and
compressive stresses respectively. These arguments are based on 
the glissile nature (5) of the interface between the two variants.
In simple bending, however, the top and the bottom layers 
are under tension and compression, respectively, and so this can 
be considered as a combination of the two cases discussed above. 
Fig.3c shows a schematic representation of the processes 
involved. The specimen can be considered to be made from a 
number of thin layers which should extend or compress depending 
on their position with respect to the neutral plane (i.e. layers 
above this plane are extended and those below compressed). If 
each strip is now elastically bent into cyclindrical shape, the 
strips can be fitted together again without any long-range stress 
(5), provided that the change in length of any particular layer is 
proportional to the distance of that layer from the neutral plane. 
The net effect is that the interfaces between the variants are 
bent as shown in the Figure. The relative fractions of the two 
variants present vary from the top to the bottom layer. When the 
twin planes are parallel to the axis of the specimen, no bending is 
possible. The bending of the interface plane can be considered to 
be associated with twinning dislocations in this interface (5).
The importance of bending is clearly demonstrated in the
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experiments on polycrystalline specimens (5). It is often seen 
that several parallel martensitic plates grow instead of a single 
martensitic plate with the same volume. This is probably due to 
the fact that several martensitic plates are able to accommodate 
the bending moments associated with the transformation 
stresses. The taper associated with each plate can account for 
the bending and several parallel individual plates can easily 
accommodate more bending compared to a single martensitic 
plate of comparable volume.
20
(a)
Figure 3. Diagram showing:
a) formation of stress- induced martensite  
upon appl ica t ion of an external tens i le  
s t ress ,
b) changes involved upon tens ion  and 
compression when the specimen is composed 
of two different variants, note that variant 1 
and 2 are favoured in tension and compression 
respectively, and
c) changes involved on bending a specimen 
containing two variants. (5)
These characteristics of martensitic transformation lead to 
the shape memory effects which are examined on their common 
basis in the following section of this thesis.
21
2.2 Types of Shape Memory
There are several kinds of shape memory behaviour. They
are:
1 . thermoelastic transformation,
2 . the pseudoelastic effect,
3. shape memory effect,
4. two-way memory effect, and
5. all-round shape memory effect.
2 .2 .1 . Thermoelastic transformation
A transformation in which a mobile interface exists 
throughout transformation and has a small driving force is 
termed a thermoelastic transformation (Fig 4). Because of the 
reversible mobile nature of the interface, it is associated with 
crystallographic reversibility, which is another important 
characteristic of thermoelastic transformation. Thermoelastic 
transformation occurs in many non-ferrous alloys, especially the
p-phase alloys (but not necessarily so), such as Cu-AI-Ni, Cu-Zn, 
Cu-Au-Zn, In-TI, Ag-Cd, Ni-Ti and Ni-AI (5). It is interesting to 
note that all of these alloys are ordered except for In-TI and in
fact, even the ferrous alloy FegPt becomes thermoelastic upon
22
ordering of the parent phase (8).
Thermoelastic and non-thermoelastic transformations are 
typified by those found in Au-Cd (9) and Fe-Ni (10) martensitic 
alloys respectively. Thermoelastic transformation is
characterized by small hysteresis, and non-thermoelastic 
transformation by large hysteresis (6). Further, it is significant 
that the reverse martensitic transformation occurs differently in 
each case.
Thermoelastic transformation proceeds by continuous 
growth of martensitic plates or laths on cooling. If cooling is 
stopped, growth ceases, but if resumed the transformation 
proceeds by further growth of the martensite until impingement 
with grain boundaries or other crystals occur. If heat is applied, 
the reverse transformation occurs by the reverse motion of the 
interface (6), thus reversing the shape strain realized during the 
forward transformation and removing the relief as the martensite 
reverts completely to the original structure. Additionally, the 
transformation is crystallographically reversible (6). A 
necessary and suffic ient condition for thermoelastic 
transformation is the absence of plastic accommodation of the 
transformational shape change (11). The ease of transformation
23
should be relatively unaffected by ordering, while slip is 
inhibited. On the other hand, for n on-thermo elastic 
transformation, because the interface evidently becomes 
immobile (8), the reverse transformation cannot occur by the 
backwards movement of the interface, but rather by nucleation of 
the parent phase within the martensitic structure.
According to Otsuka and Wayman (8) the following three 
factors appear to be essential to promote thermoelastic 
transformation:
i) a small transformation-volume change,
ii) ordering of the parent phase,
iii) low values of certain elastic constants.
The small volume-change is required to sustain the interface 
which is at least semi-coherent, so that it can maintain mobility 
in both directions.
Tong and Wayman (12) made detailed experimental 
observations of the formation and reversal of thermoelastic 
martensite in Ag-Cd alloys. It was found that the smaller the 
amount of martensite formed on cooling, the closer was the 
reversal temperature to Af. For a complete transformation cycle 
their results are summarized as:
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1) the first martensite plate which appeared at Ms was the 
last one to disappear at At,
2) the last martensite plate to appear at Mf was the first 
to disappear at As.
Figure 4. Schematic  representat ion of the format ion
and reversion of thermoelastic martensite
as a function of temperature; c -  represents
i n t e r na l  s t r e s s  g e n e r a t e d  by t he  
t rans fo rm at ion ,  and V m /V the fract ional
volume of martensite product. (5)
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2.2.2. The pseudoelastic effect 
The terms superelasticity, stress-induced pseudoelasticity, 
ferroelasticity and rubberlike behaviour have been used to 
describe the unusually high reversible strains which are obtained 
in certain alloys undergoing a stress-induced transformation. 
Both superelasticity and the SME require that the deformation be 
caused either by the stress-induced formation of martensite or by 
the reorientation or further transformation of the martensite in 
an already martensitic material (13). The strain in this case is 
recovered on unloading since the stress induced martensites are 
completely unstable in the absence of stress at temperatures 
above Af. With the removal of stress the martensitic plates
revert the parent phase and the specimen regains the original 
shape. The recoverable strain resulting from the martensite 
transformation can exceed the elastic strain of non transforming 
alloys by a factor of 10 or more. (Fig. 5)
Transformation pseudoelasticity occurs not only with 
pa rent-to-m artensite  transform ations but also with
martensite-to-martensite transformations and the driving force 
is the dependence of the free energy difference between phases as 
a function of temperature and stress. Recovery of strain on
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unloading occurs by the crystallographic reversibility of the 
stress induced transformation and the exclusion of slip during 
loading.
All shape memory alloys will be pseudoelastic at a 
temperature above Af (8), but the pseudoelasticity in TiNi alloys 
is composition dependent. Usually alloys with Ni content higher 
than 51 at.% are pseudoelastic, but alloys with a lower Ni content 
are not.
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Figure 5. D i a g r a m a t i c  r e p r e s e n t a t i o n  o f
p s e u d o e la s t ic i ty  showing e la s t ic  and 
non-elastic strain produced by loading and 
recovery of both strains during unloading. 
Martensite forms as the appl ied stress is 
increased producing the macroscopic strain. 
Release of stress causes the martensite to 
revert to the parent phase. (14)
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2.2.3. Shape memory effect
SME is realized when a specimen deformed at a temperature 
below As is heated to a temperature above Af and the original 
undeformed shape is restored. The operating deformation 
mechanism is vital to an understanding of SME. For a temperature 
T<Mf, the specimen is in a completely martensitic state,and 
deformation will be obtained by deformation of the existing 
martensite. When Mf<T<Ad it is partly in a parent phase. The 
deformation occurs partly by stress induced transformation and 
partly by the deformation of existing martensite (15). Should the 
deformation temperature be between Ms and Mf, there are various 
mechanisms by which recoverable strain can be accommodated. 
These include stress-induced transformation of residual high 
temperature phase, reorientation of martensite, twinning and 
movement of interfaces in the martensite, and transformation of 
one martensite to another (15).
The limiting strain that can be recovered by the SME is that 
which can be accommodated by these various mechanisms. Strain 
beyond this limit results in dislocation glide which is 
irrecoverable (15). The limiting strain is strongly dependent upon 
alloy type and deformation temperature and, for a particular
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alloy, is composition and grain-size sensitive. The recovery 
stress is limited to the value of the yield strength of the material 
at the recovery temperature (15). The shape to be remembered 
must be 'set' into the material. This is achieved by constraining 
the material to the required shape then heating the sample to a 
temperature between about 675 and 875K for NiTi. This thermal 
cycle is known as the 'memory heat treatment'. On cooling to 
room temperature, the material retains this shape and will 
recover the shape on subsequent deformation/heating cycles. (Fig. 
6 )
According to Otsuka and Shimizu (16) the requirement for 
complete shape recovery depends on two conditions:
i) the transformation is crystallographically reversible, and 
ii) the deformation proceeds solely by the movement of 
intervariant boundaries and normal slip can not occur.
The first condition is generally characteristic of the 
thermoelastic transformation or the martensitic transformation 
of ordered alloys, and thus complete SME is usually realized only 
in alloys which undergo thermoelastic martensitic 
transformations. The second condition is related to the fact that
twinning, or deformation by intervariant boundary movement,
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operates easily at stress levels lower than the critical stress for 
slip. If a particular stress or strain is too high, and the former 
deformation modes are exhausted, slip may be introduced 
resulting in plastic strain and incomplete shape recovery. Thus, 
there are limits imposed for both stress and strain and should 
either exceed these limits, shape recovery becomes incomplete.
3 1
Figure 6. Shape-memory effect can be represented in a 
stress-strain curve that includes the effect of 
temperature. The curve above the horizontal line 
shows the response of a shape -m em ory  to 
deformation at a temperature that preserves the 
martensit ic phase. With the removal of stress 
considerable strain remains. If the specimen is 
now heated to the temperature As (or Tmin), 
austenite starts to replace the martensite. With 
increas ing tem pera tu re  the stra in  dec rea ses  
rapidly. At Af (Tmax) conversion into austenite is 
complete, and the specimen regains its original 
shape. (17)
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2.2.3a. The shape-memory effect and transformation 
p la s tic ity
Transformation plasticity and the SME are two different 
manifestations of the same phenomenon. Thermal cycling through 
the martensitic transformation temperature range under an 
external stress lower than the flow stress of the material gives 
rise to (15) :
1 ) a reversible deformation which on cooling, occurs in the 
sense of the applied stress and on heating in the opposite 
sense of the applied stress (SME), and
2) a small residual plastic deformation after the complete 
cycle which occurs in the sense of the applied stress 
(transformation plasticity).
The origin of transformation plasticity has been ascribed 
(15) to interaction of the applied stress and accommodation 
stresses.
2.2.4. Two-wav memory effect 
The TWME has been termed "reversible linear change" 
because of absence of hysteresis during temperature cycling. 
Perkins (18) proposed an explanation for this two-way shape
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memory effect based on development of residual stresses by 
non-uniform martensitic deformation and incomplete and 
non-uniform reversion under certain conditions. Due to the 
reversible (two-way) shape memory effect, an alloy will 
remember both high and low temperature shapes, and may be 
cycled repeatedly between these two shapes, merely by heating 
and cooling (Fig. 7). TWME is observed only in alloys severely and 
non-uniformly deformed below Ms, as in bending, or in rolling and 
swaging operations and has been reported for severe bending of 
alloys such as NiTi, CuZn, NiAl and CuZnAI. A trained alloy may be 
cycled repeatedly between the shapes and provided that the strain 
limits are not exceeded in the residual stress patterns, the effect 
should not deteriorate. Should strain limits be exceeded in 
subsequent cycles, the effect will tend to decay. Additionally, 
since thermoelastic martensitic formation is involved there 
should be little hysteresis (Fig. 4).
For NiTi, Wasilewski (19) found no significant variation in 
the magnitude of the shape memory in some 100,000 
transformation cycles after initial stabilization over 20 cycles. 
Decay of the memory magnitude of a few percent was observed in 
these early cycles.
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Nagasawa and co-workers (20) concluded that the only 
requirement for the reversible shape memory effect is that 
deformation be severe and below Ms.
Under these conditions:
1 ) variants of martensite having the most compatible 
orientation with the applied stress grow preferentially, and
2 ) twin boundaries in the martensite having favourable 
orientation to the applied stress move preferentially, and
3) the structure of the stress induced martensite differs 
from the structure of thermally induced martensite,
The effects 1) and 3) seem to be responsible for the 
reversible SM effect. The role of the severe deformation is to 
induce the stress field, by which the growth directions of the 
martensite crystals and hence the mode of the spontaneous
deformation are controlled.
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Figure 7. S chem at ic  representa t ion of t wo - way
memory effect. On cooling, macroscopic  
strain £ occurs without application of an 
external stress; the strain disappears on 
increasing the temperature. Vm/V is the 
fractional volume of the martensite product. 
( 5 )
2,2.5. T h e  a l l - r o u n d  s h a p e  m e m o r y  e f f e c t
Extensive reversible shape memory, termed ARSME, occurs 
in Ni-rich NiTi alloys which have been aged under constraint. It 
has been suggested (21,22,23) that ARSME is caused by internal 
stress f ields between coherent precipitates and the matrix.
Precipitates of N i^gT i^^  phase which form on ageing, deplete the
Ni content of the matrix phase thereby raising the Ms 
temperature. Stress fields associated with these precipitates 
selectively bias both the intermediate R-phase and martensite 
transformation and so generate the ARSME, (Fig. 8).
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(e)
Ti-51 at.%Ni alloy. M ’s=325K, 
M’f=280K, Ms=275K, Mf=250K, 
Af=345K, A ’s-,Af-, As=320K,
w h e r e  t r a n s f o r m a t i o n  
temperatures with primes are 
t hose f or  B 2 - > R - p h a s e  
transformat ions,  and those 
without primes are those for 
R-phase to martensite.
Figure 8. Photographs showing the all-round shape
memory effect in Ni-49Ti(at.%) alloy, 
a) 371K; b) partly cooled below 
371K; c)293K; d) 273K; e) 77K. (16)
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3. SHAPE MEMORY MATERIALS
3.1. '(3-phase' Copper Alloys
Several bcc (3-phases of alloys of Cu, Au and Ag undergo 
martensitic transformation and have capacity for shape-memory 
behaviour. The copper-based alloys have considerable commercial 
interest although, in general, the recovery strain, and memory 
efficiency are lower than for Nitinol.
The transformation temperatures, like those of Nitinol, are 
extremely composition dependent; for example, addition of 1% Sn 
to Cu-35% Zn alloy can reduce Ms by 175°C (24,25). In general, 
the transformation temperature ranges are below room 
temperature. Further, the SME is not observed throughout the
whole of the (3-phase composition ranges, but only for the 
electron to atom ratios, between 1.38 and 1.55 (15).
Alloy systems in which SME occurs include 
Cu-Zn-AI(26,27,28); Cu-Zn-Ga(29); Cu-Zn-Sn(29); Cu-Zn-Si(29); 
Cu-Zn-Cd(29); Cu-Zn-Sb(29); and Cu-Zn-Ni(29) among the
(3-brasses, and Cu-AI-Ni(28,30), Cu-AI-Sn(15) and Cu-Al-Si(15) 
among the (3-bronzes.
Most of these alloys are inherently brittle and can
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withstand only small amounts of plastic strain, even in the 
martensitic state. There is also a tendency for As and Ms to 
overlap (as there is little difference in temperature), so that 
alloys are superelastic and consequently elastic strains, have to 
be accommodated before SME strain is produced. Thermal 
stability also has to be considered because the (3-phase may 
decompose to other phases by diffusional processes, thereby 
degrading the SME.
For the (3-brasses, problems of dezincification have 
occurred in production and fabrication (15). Loss of zinc results 
in an increase in Ms with the possibility of superelasticity 
arising. The brasses may also be prone to stress corrosion (15).
It is possible that the low ductility and consequent 
fabrication problems could be overcome by employing powder 
metallurgical techniques (15). Compared with Nitinol, the overall 
price advantage is the spur to development, while the smaller 
recoverable strains in these alloys may be overcome by suitable 
design.
Of the Cu-Zn base alloys, those containing ternary additions 
of Ni, Sn or Si are most suitable for development (15). The 
elements are readily available and do not present particular cost
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or toxicity problems. The alloy systems of industrial interest in 
the Cu-based group are Cu-Zn-AI and Cu-AI-Ni. Some typical 
properties of these alloys are listed in Tablel.
3.2. Nitinol
Nitinol alloys are relatively costly materials requiring 
sophisticated techniques for production in a wrought form. A 
potential problem in utilisation of the alloys is that the modulus 
of elasticity of 30-80 GN/m^ is relatively low, compared to ~205 
G N / m 2 for mild steel and -100 GN/m2 for brass. Thus, 
difficulties may arise in using the material for components 
requiring rigidity.
Nitinol possesses the highest recoverable strain of known 
practicable SME materials, and is relatively insensitive to grain 
size effects (15). It has satisfactory ductility and is readily 
machineable provided carbide tooling is employed.
For these reasons it is the best and most important as well 
as the most researched shape memory alloy. The shape memory 
behaviour of Nitinol is examined in detail in Section 4. Some 
properties of NiTi compared to Cu-based alloys are listed in
Tablel.
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3.3. Miscellaneous Alloys
The SME phenomenon has now been observed in a number of 
other materials. Notably the alloy systems In-TI (31), Fe-Pt (32), 
U-Nb (33), U-Mo (34) and Au-Cd (9) have been extensively 
researched while a memory effect has been reported in Co-Ni 
(31), Ni-AI (35), Fe-Ni (10), Fe-Mn (36), and Fe-Cr-Ni-(AI/Co) 
(37).
Nevertheless SME in these 'miscellaneous' alloys is limited 
in extent, and it is considered unlikely that the phenomenon could 
be developed to the same degree as that occurring in Nitinol even 
with very extensive research.
ITEM DIMENSIONS Ni-Ti Cu-Zn-Al
I
Cu-Ai-Ni
Melting point :C 1240-1310 950-3020 1000-1050
Thermal dilation coefficient 10-s_=c - i 10(Aust.) 
6.6 (Mart.) 16-18 (Mart.)
j
16-18 (Mart.)
Specific heat J f k g 'C r 1 470(—620) 390 (400—)480
Transformation heat J/kg 3200 7000-9000 7000-9000
E-modulus GPa 93 70-100 80-100 !j
Yield-strength MPa 150-300 (Mart.) 
200-80C (Aust.)
150-300 150-300
Tensile strength (mad.) MPa 800-1100 700-800 1000-1200
Fracture strain (mart.) % strain 40-50 10-15 8-10
Fatigue limit MPa 350 270 350
I Grain size 10'6 m 50-100 50-100 25-60
Transformation temperatures CC - 1 00c to 
+ 120:C
-2 0 0 ° tc 
+ 120°C
-2 0 0 ° to 
+  170°C
Hysteresis (As-A() °c 30 10-20 20-30
Max one-way shape memory % strain 8 5 6
Table 1. Properties of three shape memory alloys in
the heat treated condition. (38)
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4. NITINOL
4.1 Composition
Early investigations (39,40,41) at the U.S. Naval Ordnance
Laboratory revealed a new class of novel non-magnetic
nickel-titan iurn alloys based upon the ductile intermetallic
compound NiTi. These near equiatomic titanium-nickel alloys
display two distinctly different sets of properties as a function
of composition and heat treatment. The name Nitinol was derived 
from Ni-Ti-Naval Ordnance Laboratory and the prefix numeral 
value (e.g., 55-Nitinol) indicates the nominal nickel content in 
weight per cent.
Stoichiometric NiTi (nominal 55-Nitinol) has a minimum 
hardness and is relatively unaffected by the rate of cooling from 
temperatures around 1220K. Contrasted with this minimum 
hardness is the sharply increasing hardness of those alloys 
containing an excess of 65wt.% Nickel and in the quenched 
condition.
The 55-Nitinol is a single phase alloy containing only NiTi 
phase (with minor oxide and nitride impurities), while nickel-rich
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NiTi alloys contain the TiN^ phase that co-exists in varying 
quantity with the NiTi phase.
Nominal 55-Nitinol, in addition to being single phase and 
ductile, exhibits shape memory, and other overt properties such 
as high acoustic damping, direct conversion of heat energy into 
mechanical energy, unusual fatigue properties and low 
temperature ductility, which are all attributed (15) to the unique 
martensitic transformation in near equiatomic NiTi alloys.
Deviation from 55-Nitinol to higher nickel concentration 
yields a second group of alloys which are also completely 
non-magnetic but differ from 55-Nitinol in their capability of 
being thermally hardened to high hardness levels (15). This latter 
group of alloys are generically referred to as 60-Nitinol (this 
designation is given to alloys covering the composition range 
from 56 to 62wt.% nickel).
These nickel-rich alloys possess an unusual combination of 
properties - high hardness, stably non-magnetic and marine 
corrosion resistance.
Wasilewski, Butler, and Hanlon (42) studied the martensitic 
transformation in NiTi and made the following observations.
1) NiTi exists at elevated temperatures in a CsCI or related
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structure which undergoes a martensitic transformation to a 
low-symmetry, complex structure at temperatures close to 
ambient and dependent on composition. This transition is 
first-order, rapid and reversible with a latent heat of 
370±20cal/g-atom, and has small hysteresis.
2) The transition may occur in a dual manner with both
thermoelastic and bulk transformation structures forming on 
cooling. It is probable that more than one low-temperature
structure can form, depending on the Ni:Ti ratio.
3) X-ray diffraction patterns indicate that no major changes 
in interatomic distances accompany the transition.
4) Oxygen impurity significantly affects the transition 
temperature, kinetics of transformation and also results in
precipitation of oxygen-stabilized Ti2 Ni2 0 , even in nickel-rich
compositions.
Each of the composition ranges possess certain inherent 
properties and engineering advantages which will be now
considered.
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4.2 Properties of Nitinol
Miyazaki, Imai, Otsuka and Suzuki (43) noted that the NiTi
alloy in the (3 phase, deforms in a ductile manner to more than 
50% strain and shows the shape memory or pseudoelastic effect 
in a wide strain range up to 8% in a polycrystalline state, while 
other polycrystalline alloys are very brittle and show 
intergranular cracking. It has been found (43) that the stress for 
inducing martensites decreases and the stress for reverse 
transformation increases with increasing number of cycles. The 
strain hysteresis decreases with increasing number of cycles. 
The difference between the deformation behaviour in the NiTi 
alloy and other p-phase alloys is due possibly to the different 
grain sizes of the alloys, the grain size of the former being of the
order of several tens of Jim while that of the latter being on the 
order of mm. The stress concentration is very large in a specimen 
with small grains, but in a specimen with large grains it is small. 
If the stress concentration is very large, the deformed region 
grows preferentially and the initiation of deformation in the
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other undeformed regions are suppressed during deformation. In 
such a condition, the deformation occurs inhomogeneousiy like the 
Luders deformation in a polycrystalline iron.
The comparative physical and mechanical properties of 
55-Nitinol and 60-Nitinol have been compiled by Buehler and Wang 
(41) as shown in Table 2.
In summary the general properties of 55-Nitinol are as 
follows:
1) The moderate density of 6500Kgm“^ provides a definite 
design advantage.
2) Despite a high nickel content, the material has a magnetic 
permeability of unity and is therefore non-magnetic.
3) The relatively low yield strength can be utilized to 
advantage in conjunction with a drastic change at and 
around the martensitic transition temperature.
4) The high ductility of up to 60 per cent elongation in 
tension is extremely unusual for an intermetallic 
compound alloy.
5) The impact stength at room and lower temperatures 
indicates both good ductility and superior cryogenic
behaviour.
6)
7)
Table 2.
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Although the notched impact strengths are at a useful 
level, the alloy suffers from low notch toughness. For 
this reason, the best design practices for notch-sensitive 
materials should be used.
The unusual fatigue properties are undoubtedly related to 
the unique martensitic transition. For example, it is 
possible to load a specimen to approximately four times 
the yield strength, accompanied by considerable specimen 
deflection during testing, and yet undergo 10'7 cycles 
without failure. *§
Propon \ 55-NY.moì 60-N* itjr.o l
Density, g/cm: 6 45 6-71
Melting point, CC L 'IO 3,125 (±25)
Magnetic permeability <  1 0 0 2 <  1-002
Electrical resistivity, microhm-crr. sec  F ie .  6(a) —
Mean Cocf. of Thermal Expansion
<24‘C-900CC), per °C ¡0^ 10 4 —
Hcrdr.cssi  (See Fig. I)
950'C-Fumacc Cooled R ; 20-30 Rc
950‘C-Qucnchcd (R.T. water) S9 R t 60-62 Rc
Tensitcii.
Ult. Tensile Sir., ksi 125 154 (quenched) 137 (fum. cool.)
Yield Sir., ksi 15-20 sec Fie. 10 5
Elongation, per cent 60 7 (fum. cool.)
Young’s Mod., psi x  104 30-2 16-5 (quenched)
Shear Mod., psi x  104 5-6 —
Poisson's ratio 0-53 —
Impact i  (Charpy)
Unnotched (R.T.). ft-lbs 155 40 (quenched)
Unnotched (— S0CC), ft-lbs 160 —
Notched (R.T.). ft-lbs 24 2 (quenched)
Notched ( — S0°C), ft-lbs 37 —
F a t ig u e (Std. R. R. Moore Test!
Stress (10* cycles-runout), ksi 70 SO (fum. cool.) 50 (quenched)
*Tcsts were performed at room temperature, except where noted. Room  
temperature, in case o f 55-Nitinol, was below the A. transition temperature.
fDala obtained on hot wrought alloys.
$2-0 m. gauge length.
§ Yield strength not precisely measured, but approached the value for ultimate 
tensile strength.
Some physical and mechanical properties of 
nominal 55-Nitinol and 60-Nitinol. (41)
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Quench hardening in Ni-rich NiTi (44) is due to the existence 
of structural defects which are introduced by deviation from the 
stoichiometric composition at the quenching temperature. The 
NiTi containing 54.7at%Ni is hardened by quenching from 
temperatures above 873K, and the hardness increases with 
increasing quenching temperature. Ni-rich NiTi is hardened even 
by air cooling. The highest hardness of the NiTi containing 
54.7at%Ni is obtained in the as-quenched state. The hardness of 
quench-hardened NiTi decreases with annealing time. No hardening
effect due to the precipitation of NigTi has been observed. When
the nickel content is in excess of 55at%Ni, the hardness decreases 
with increasing nickel content.
The recovery temperature increases substantially with 
small departures from stoichiometry (45) of excess titanium. 
After an initial increase, further additions of titanium have no 
effect on recovery temperature (fig 8a). The extent of this 
increase is apparently limited by very small solubility of excess 
Ti in NiTi. This can been seen in the Ni-Ti phase diagram 
presented in Appendix 1 .
The recovery temperature can also be altered by
s u b s t i t u t i n g  t e r n a r y  a l l o y i n g  e l e m e n t s  s u c h  as  C o ,  C r ,  A l ,  F e ,  C u
Au, Pd and Ru for small amounts of Ni and Zr, Al, Mn for Ti (45).
------------------ WANG, E T  A t  (O N  H E A T IN G ) ( 4 6 )
......................  W ASILEW SKI, E T  AL ( ON HEATING j ( 9 l )
------------------ H A N L O N , ET A L  (O N ’ CO O LING  ) ( 9 2 )
----------------- D fiE N N E N , X ON H E A TIN G  } ( 9 3 )
Figure 8a. Reported data on the effect of composition on 
the recovery temperature of Ni-Ti alloys (45).
The mechanical and thermal history of the material 
influences the structure of the alloy at room temperature. Other 
effects, such as differing products of transformation on either 
side of stoichiometry and an ordering effect, have been quoted as 
modifying the structures (46). Also, the addition of oxygen,
nitrogen, and hydrogen (47) on cast NiTi results in different
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characteristic microscopic appearances. Addition of hydrogen 
refines the cast cored structure of NiTi, while coarse and 
randomly oriented dendrites are characteristic for specimens 
melted in nitrogen. Large angular particles characterize samples 
melted in oxygen. Hydrogen and nitrogen, while having increasing 
effect upon the matrix hardness, allow easy crack-free 
deformation near 1173K. Oxygen greatly increases the matrix 
hardness and promotes brittle behaviour in the compound.
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4.3 Structure - Crystallography of Nitinol
CsCI type structures occur in many equiatomic alloys 
particularly in transition metal alloys with one component to the 
left and the other to the right of the chromium group in the 
Periodic Table. NiTi is an example of such an alloy. According to 
Wang et. al. (48) the NiTi intermetallic compound like other B2 
type alloys undergoes martensitic transformation (B2->M) and 
generally exhibits the shape memory effect which is unique in the 
following respects:
a) it is a crystallographic distortion (second order) and not 
a crystallographic transformation (first order).
b) the transformation is accompanied by an extraordinarily 
large latent heat of enthalpy (AH-4150J/mole); the 
'memory' effect observed in NiTi is not only completely 
isotropic and independent of crystal or grain sizes but 
also is accompanied by a large mechanical force.
The B2 (CsCI) to martensite transition proceeds in two 
steps (49) on cooling.
1) A premartensitic region, in which reversible, 
hysteresis-free changes occur in diffraction patterns with
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temperature, in the absence of surface relief.
Instabilities in the lattice occur close to the Ms 
temperature as indicated by the increase in the electrical
resistance, splitting of the {110}B2 and {112}B2 X-ray reflections
and the appearance of extra diffraction spots in the electron 
diffraction pattern. These effects are attributed to small 
displacements of the atoms in the B2-phase which are 
transitional to their final position in the martensite. As a result 
of these reshufflings a tetragonal and subsequently a 
rhombohedral (R) transition phase are formed. In partly 
transformed specimens the rhombohedral phase is mainly found in 
the vicinity of the martensite-B2-interface and cyclic 
transformation increases the amount of R-phase as 
simultaneously the Ms temperature is decreased.
The R-phase shows a microstructural memory during 
thermal cycling (50), although the martensite phase does not. The 
R-phase transition is associated with a rhombohedral lattice 
distortion and is not a precursor to the martensitic 
transformation but an independent transformation.
2) A martensitic region, in which there are discontinuous 
changes in diffraction patterns that are reversible only with
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hysteresis and are accompanied by martensite surface relief. 
Thermal cycling partially through the martensitic range depresses 
the Ms temperature, thus extending and accentuating the 
premartensitic range.
At least two types of martensite have been observed in thin 
foils of equiatomic NiTi (51). Plate martensite can be 
transformed into wavy martensite within a few weeks at ambient 
temperature or by temperature cycling between 373K and liquid 
nitrogen temperature. The transformation from the B2 phase to 
the wavy martensite is preceded by the formation of a 
superstructure having three times the lattice parameter of the 
CsCI (B2) structure. The transformation is very sensitive to the 
cooling rate during temperature cycling and can be totally 
suppressed if the cooling rate is too high. The transformation 
characteristics are not affected by the thermal history of the 
sample. At 373K the structure of equiatomic NiTi is established 
to be the ordered CsCI (B2) structure. On cooling from 373K to 
323K or lower temperatures, weak reflections emerge at 1/3 
distances in addition to the matrix reflections. This superlattice 
has only been observed in combination with transformations to 
the wavy martensite. The plate martensite is the most commonly
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observed type and appears with and without stacking faults. The 
massive martensite is always present to a lesser degree than the 
plate martensite. In addition to the above mentioned martensites, 
however, a third type of martensite has been observed with a 
wavy character. It consists of a very fine, irregular band and, 
there is an even finer substructure inside the band (52). The 
formation of wavy martensite is, in thin foils at least, perfectly 
reversible.
With every reverse transformation new dislocations are 
generated in the B2-phase. These dislocations may facililtate the 
crystallographic steps causing the premartensitic effects. 
Moreover they can be related directly to the decrease of the Ms 
temperature, the small hysteresis of the martensite formed on 
cyclic transformation, and the thermo-elastic behaviour and S.M.E. 
The partial disappearance of the S.M.E. by recovery of the 
dislocations on annealing above 900K confirms the relation 
between the observed structural changes (52).
Cold working also affects the microstructure. Tadaki and 
Wayman (53) found that the initially martensitic NiTi alloy when 
heavily cold rolled exhibits a characteristic fine lamellar 
structure and is composed mainly of martensite with the same
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crystal structure as that thermally formed. It was suggested that 
the unusual pseudoelastic behaviour of the cold worked NiTi alloy 
may be associated with the appearance and disappearance of 
microtwins upon loading and unloading, respectively. The 
formation of the microtwins was attributed to the fineness of the 
lamellar martensite crystals due to cold working and the 
existence of immobile boundaries between the lamellae.
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4.4 Premartensitic Effects
In 1970 Nagasawa (10) noted that the parent CsCI phase in 
NiTi undergoes an extra diffusionless phase transformation which 
was 'martensite-like'. This premartensitic structure of NiTi alloy 
is rhombohedral, with the lattice constant of about 900pm, which 
is three times larger than that of the CsCI matrix, while the 
martensite has the structure of distorted monoclinic B19 and B2 
has the CsCI structure (54,55). Consequently, there exist three 
kinds of phase transitions: B2 <=> R, B2 <=> M, R <=> M. The 
premartensitic effects of NiTi type alloys are not precursory 
effects with respect to the martensitic transformation itself.
There are many factors which are effective in depressing 
the Ms point effectively revealing the R-phase transition (56). 
They are as follows;
1) Increasing Ni content.
The nickel in solution in the alloy matrix (as opposed to the 
overall composition of the alloy) and residual and precipitation 
stresses interactively affect the temperature range of the shape 
memory transformation. Therefore, transformation temperatures 
reported in the literature for a particular nickel-rich Nitinol alloy
57
must be considered in the light of its prior thermomechanical 
treatment.
2) Ageing after solution-treatment for Ni-rich NiTi alloys.
3) Annealing at temperatures below the recrystallization 
temperature immediately after cold work for NiTi alloys
with any Ni content.
Chandra and Purdy (57) found that the Ms temperature of NiTi 
can be depressed by annealing for long periods at ~675K, after 
which the premartensitic (R-phase) is clearly discernible. The 
material may be held for hundreds of hours at 775K without any 
detectable alteration.
4) Thermal cycling.
The Ms temperature decreases with increasing numbers of 
thermal cycles in a solution-treated Ni-50.2at.%Ti alloy where 
dislocations move easily at low stress, while the Ms temperature 
is constant irrespective of thermal cycling of an aged 
Ni-49.4at.%Ti alloy where dislocations hardly move due to 
precipitation hardening (57).
5) Substitution of a third element.
Mo and co-workers (58) determined that the R (rhombohedral 
phase) transformation, like thermoelastic martensite
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transformation, is responsible for TWME in NiTi and that the 
shape memory effect and pseudoelasticity observed in the first 
stage of transformation in TiNi alloys are directly associated 
with the R-phase transition (55,59). Two-stage yielding has been 
observed in NiTi alloys which show the R-phase transition prior 
to the martensite transformation. Shape recovery is associated 
with the R-phase reverse-transition in the first stage, and shows 
strong temperature- and orientation-dependences, while 
pseudoelasticity is associated with the martensite 
transformation in the second stage. Dislocation networks impede 
the movement of interfaces both in the R-phase and in the 
martensite more strongly than do precipitates.
Residual stresses also provide the force which controls the 
direction of shape recovery ( i.e., contraction, expansion, or bend 
movement) (60). Stress induces the formation and retention of a 
rhombohedral distortion of cubic B2, (R phase), during cooling. 
This structure is intermediate to the B2 and martensite phases 
and has higher resistivity than either. During cooling, stresses 
induce earlier formation of R structure and delay its conversion 
to martensite to lower temperatures (60). The amount of R 
structure formed during transformation can be inferred from the
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area under the electrical resistance curve. Studying the 
premartensitic behaviour of NiTi, Sandrock (3) found that 
depending on prior history, the resistivity vs temperature cooling 
curve can show a pronounced peak in the vicinity of the 
martensite transformation. Thoroughly annealed samples 
generally do not show a resistivity peak on the first cooling.
Internal stresses can be generated in nickel-rich, 
supersaturated, near-NiTi alloys by the early stages of
precipitation of T i N i 3 during annealing treatments in the
725-825K range. Thus, a partially annealed specimen deformed at 
ambient to demonstrate the shape memory effect may contain 
cumulative stresses from several sources (60): residual, from 
cold work prior to its (incomplete) annealing, from precipitation 
hardening, and from the cold deformation subsequent to the 
annealing treatment.
The premartensitic transition can be seen in X-ray 
diffraction patterns as a peak broadening above the Ms 
temperature (61). This broadening occurs in such a way that the 
integrated intensity under the peak remains constant. Wang et. al. 
(48) could not detect these fine details due to the large 
temperature intervals of 5° used near Ms whereas Mukherjee used
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intervals of 0.5°. Contrary to these observations Wasilewski et. 
ai. (42), Otsuka et. al. (62), and Yu (63) observed that the 
intensity of the (63) B2-reflection decreases with decreasing 
temperature without line broadening or change of line position as 
would be expected from an intermediate transition.
Wang et. al. (46,48) noted radial streaking on their X-ray 
patterns with the appearance of discrete peaks at 1/3 distances 
of the reciprocal lattice points at the Ms temperature. They 
considered these peaks to result from a transformation from the 
"disordered" 900pm cell to an ordered state near the Ms. It was 
proposed that the 900pm superlattice is formed by an 
inhomogeneous shear along the <111 >-direction on the {112 }-plane 
of the B2-lattice.
It was also suggested that antiphase boundaries exist 
within the B2-lattice as well as the 900pm superlattice (64). 
These antiphase boundaries have been confirmed by Iwasaki et. al. 
(65) by electron microscopy. The 1/3 superlattice spots also 
appear on the electron diffraction patterns together with diffuse 
streaking in specific crystallographic directions (57).
The broadening and splitting of the {110} X-ray peak, first 
observed by Wang et. al. (46) and Mukherjee and coworkers (61)
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and recently by Ling and Kaplow (66) is associated by the latter 
with an intermediate crystallographic transition from B2 to a 
rhombohedral R-phase not directly related to the shear 
transformation leading to the martensitic structure. In an 
extensive electron microscopical investigation Sinclair and 
coworkers (67,68) discerned two separated phenomena in the 
premartensitic temperatue range. In the first which is intimately 
related with the martensite transformation, five distinct lattice 
waves, each of which describe atom motions towards the 
martensitic structure, were identified. The second phenomenon 
consists of two lattice waves which were not identified as 
directly related to the martensite transformation. However, it 
was suggested that the observed lattice waves could be 
associated with the rhombohedral phase described by Ling and 
Kaplow (66).
Wang and coworkers (46) showed that resistivity curves 
could be changed by "incomplete" thermal cycling (where a 
thermal cycle does not cover the full transformation temperature 
range) but could not be changed by "complete" cycling (where the 
full transformation range is covered during cycling). Cycling 
lowered Ms to about 280K and a clear premartensitic region with
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a negative temperature coefficient of resistivity was observed. 
The resistivity of the high temperature phase at temperatures 
above Ms (280K) was essentially reversible with temperature and 
without hysteresis. At temperatures well above Ms, the 
resistivity was increased by partial cycling. Complete thermal 
cycling acts as a form of "cold work" by producing dislocations, 
however no significant numbers of dislocations were evident in 
the uncycled state. The cycled samples, however, showed 
relatively high densities of dislocations. The presence of 
dislocations presumably acts as an impediment to further 
martensite formation and the result is a stabilization effect, i.e., 
lowering of Ms.
After several cycles between 275K and 315K several weak 
extra maxima were apparent at room temperature (56). From this 
work it was concluded that a complex substitutional order is not 
necessary to account for the 1/3 reflections but they can be 
attributed to displacement waves present in the normal B2 
structure. As the Ms temperature is traversed and the first 
martensite begins to form, surface relief is observed, resistivity 
decreases, and discontinuous changes occur in the diffraction 
patterns. The presence of dislocations apparently plays an
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important part in the memory effect. The shape-memory 
behaviour is most pronounced when a peak is present in the 
resistivity curve characteristic of cycled samples or an optimum 
amount of retained cold work.
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5. AGING AND THERMAL CYCLING OF NITINOL
5.1 Calorimetry (Differential Scannninq Calorimetry 
and Differential Thermal Analysis)
There are several methods for the measurement of heats of 
transformation and stored energy of cold work in metals and 
alloys. One of these is differential scanning calorimetry (DSC) 
which measures the total amount of energy released during phase 
transformation, recovery, recrystallization, and at the same time 
provides information on thermal kinetics and other processes. 
The temperature range of the energy release is shifted towards 
higher temperatures with increasing heating rate which is quite 
natural in the case of thermally activated processes. Fig. 9 shows 
transformation curves obtained at different rates of heating for a 
NiTI alloy using DTA. Hence it is important to take into 
consideration the rate of temperature change used during 
measurements. A great advantage of using the DSC method is 
that the reaction rate is measured essentially directly while the 
integral of the DSC curve up to a particular temperature (or 
time) relative to the total peak area yields the fraction reacted.
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This information provides for evaluation of kinetic parameters 
from anisothermal DSC measurements and the data obtained in 
this way are as reliable as those obtained from isothermal 
measurements. Isothermal and anisothermal measurements are 
equally applicable for the determination of the kinetic 
parameters.
Differential scanning calorimetry may be used to readily 
detect heats of transformation of NiTi alloys. Upon cooling, an 
exothermal peak is obtained and is indicative of the Ms 
temperature. On subsequent heating an endothermic peak is 
obtained and is indicative of the As temperature (Fig.10 ).
During cooling, the transformation of annealed Nitinol shows 
a single peak, while dual peaks are evident for a strained alloy. 
The merging of the two peaks into one, resulting from the 
reduction of stresses by annealing, can be followed by 
calorimetry.
The heat of transition of a NiTi alloy will shift to a lower 
temperature each time the sample is cycled between room 
temperature and 425-475K (69). The extent of the change for 
each heating through the transition is about 10% (Figs. 15,16).
For a strained specimen, the first cooling peak represents
6 6
the heat evolved to the environment by the specimen during 
formation of R structure and as cooling continues, the R structure 
converts to martensite, and produces a second peak (Fig. 11).
Figure 9. DTA curves for a NiTi alloy obtained at
d iffe rent rates of heating and cooling: (— )1,
( ------- ) 10, (— )25 (°C )m irf1 . (70)
M ukherjee, Sircar and Dahotre (71) used d iffe ren tia l 
scanning calorimetry to follow the thermal effects associated 
with stress-induced martensitic transformation in a NiTi alloy. 
Two stages of parent-to-martensite transformation were noted 
from the distinct two-stage heat evolution observed on cooling
6 7
whereas a single calorim etric peak is observed on reheating. The 
two cooling peaks are well separated in temperature and typical 
of both thermal and stress-induced transformations. The first 
peak is asymmetric and it has a broad shoulder, and is the 
premartensitic or R transform ation. The second peak is more 
symmetric and originates in the martensitic transformation. The 
total enthalpy change on cooling is proportional to the area of the 
single heating peak.
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Figurel 0. Diagram showing thermal hysteresis in 
"stress-free" transformation:
(1) F irs t transfo rm ation  cyc le : 
transformation ranges (Ms-Mf) and (Af-As) 
narrow and sharply defined, minimum 
asymmetry of the loop.
(2) After repeated cycling: transformation 
ranges broadened and shifted, marked loop 
asymmetry. (6)
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In calorimetric studies designed to isolate the heat effects 
associated with the formation of an intermediate phase in the 
transformation sequence from parent phase to martensite 
Dautovich and Purdy (72,73) concluded that the ordered "bcc" alloy 
can undergo a continuous (second order) transition prior to the 
formation of martensite. Wang, Buehler, and Pickart (46) carried 
out x-ray diffraction studies of single crystals of NiTi and 
claimed one reversible diffusionless transformation involving 
displacement order to a complex cubic "non-crystallographic 
martensite." It was estimated this transition had a heat of 
transformation of 1302 joule/mole, based on differential thermal 
analysis. Wasilewski et al. (42) found strong evidence for a 
first-order transformation leading to a martensitic product of 
low symmetry in NiTi alloys containing 50at.% Ni, and cited 
calorimetric and differential thermal analytic evidence to the 
effect that the heat of transformation was 1554 joule/mole ±84 
joule/mole, and that the transformation occurs with appreciable 
thermal hysteresis. The heat of transformation was in excess of 
1302 joule/mole, consistent with the work of Wasilewski et. al. 
(42). The transition phase exhibited no detectable hysteresis and 
the specific heat anomaly at 345K was evidently associated with
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the reversion of martensite, rather than the transition phase (Fig.
10 ).
Beyer et. al. (74), with the aid of DSC measurements, noted 
the effect of various heat treatments on the phase transitions in 
a NiTi alloy. Samples weighing about 35 mg and were cycled from 
215K to 345K at a rate of 10K/minute after annealing at 
temperatures between 675K and 875K. A non reproducible 
behaviour was observed during the first thermal cycle because on 
the first cycle the necessary dislocations for the A -> R 
transformation were absent and a direct transformation to 
martensite occurred. After the first cycle dislocations are 
created by the reverse transformation and the intermediate phase 
reaction appears.
Annealing at 875K revealed (74) a double exothermic peak 
indicating a shift of the Ms-temperature towards the 
R-transformation. The heating part of the DSC curve showed a 
double peak suggesting two sequential reactions M->R and R-> B2.
(m
V)
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Figure 11. Typical DSC curves showing austenite peak on 
heating and R peak before the martensite peak 
on cooling. (78)
Similar studies were made by Todoroki and Tamura (75,76) 
who combined complete and incomplete cycles to investigate the 
relative phase stabilities of R-phase and M-phase.
These workers concluded that three kinds of 
transformations took place depending on the annealing heat 
treatment temperature (Fig. 12).
1 ) At low heat treatment temperatures; B2->R->M during 
cooling and M->R->B2 during heating. (~745K)
The R-phase existed both during cooling and heating.
2) At intermediate heat treatment temperatures; B2->R->M
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during cooling and M->B2 during heating. (825K)
The R-phase existed only during cooling.
3) At high heat treatment temperatures; B2->M during cooling 
and M->B2 during heating. (935K)
The R-phase did not exist during either cooling or heating. 
The temperature range of existence of the R-phase became larger 
and more definite during heating and with increasing nickel 
content.
Stachowiak and McCormick (77) also noted that repeated 
thermal cycling under stress had a significant effect on the 
characteristics of the B2->R martensitic transformation. The Ms 
temperature and thermal hysteresis increased and decreased 
respectively with increasing numbers of cycles, while the 
transformation and permanent strains decreased and increased 
respectively.
Resistivity of a NiTi sample increased and the Ms and As 
transformation temperatures decreased with increasing numbers 
of thermal cycles (2). These functions could be restored to that 
of an uncycled sample only after prolonged reannealing of the 
alloy at 875K or above. Prolonged reannealing of the alloy below 
875K had no effect. DTA analysis (2) showed an unusually large
7 2
heat of transform ation, which was endothermic on heating and 
exotherm ic on cooling. Through precise calorim etric methods, 
Berman et. al. (69) found that AH can be as high as 4150 
joule/m ole, and established the nature of the transition to be 
second order.
Figure 12. Diagram showing classification of DSC data 
and d e te rm in a tio n  of tra n s fo rm a tio n  
temperatures. (75)
Goldstein, Kabacoff and Tydings (60) related the phase 
transformations in NiTi to the electrical resistivity and the SME. 
St was found that a strain-free NiTi compound transformed from 
the B2 structure to martensite with a continuing decrease in 
electrical resistance during cooling. The presence of residual
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and/or precipitation stresses caused substantial increases in the 
electrical resistance of the alloy at the beginning of the 
transformation on cooling. Subsequently, the resistance 
decreased sharply with martensite formation. The extent of 
stresses present significantly affected the temperature of start 
and finish of the transformation.
When Ms<T, the TWME in NiTi comprised two stages (66): on 
cooling, the first stage involved the B2->R transformation while 
the second stage resulted from the R to M transformation, in the 
presence of internal stress; on heating, for As<T<Af, the M->R and 
R->B2 transformations were responsible for the initial shape 
change while M->B2 accounted for the remainder. From electrical 
resistance variations and shape changes of a U-shaped specimen 
with temperature on heating, it was suggested (66) that the 
R->B2 transformation also contributed to the primary shape 
memory effect in NiTi.
The results of Goldstein, Kabacoff and Tydings (60) may be 
summarized as follows:
1) For the specimen annealed at 675K for two hours, the 
first cooling peak started at 330K. This represented the heat 
evolved to the environment by the specimen during formation of R
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structure. As cooling continued, the R structure converted to 
martensite, starting at 270K, and produced the second peak.
2) Annealing at 725K for two hours reduced the residual 
stresses, (Figs.14,15) with the start of R formation being 
lowered by 10K, as compared with the 675K data. Annnealing at 
725K, for 72 hours, however, resulted in significant 
precipitation-associated stresses, causing R structure to form 
at 325K and be retained.
The calorimetry curves from the heating of these specimens 
also showed a corresponding narrowing of the total temperature 
transformation range. This effect is consistent with the net 
reduction of strains resulting from the increased time and/or 
temperature of the different annealing treatments.
Annealing at 775K for two hours produced calorimetry 
results very similar to those after 72 hours at 725K. The 
15-hour anneal almost merges the martensite and the R-peak, and 
the 65-hour anneal merges them. This indicates the direct 
transformation of austenite into martensite. Thus, the R
structure was shown to be a transient one, with its retention 
dependent upon the presence of stresses which can delay the 
completion of the martensitic transformation.
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There was substantial change in the heating transformation 
temperatures. For the two-hour anneal the transformation 
temperature range was 295K to 330K; for the 65-hour treatment, 
it was 340K to 355K.
The matrix composition and stresses present following 
annealing are interacting parameters which influence the 
transformation structures formed and the temperatures at which 
they form. Although conditions are affected by thermal
processing over the range 375 to 875K, the heat treatment in the 
725 to 825K range produced the greatest affect. Thus the 
inflections were considered to be transient effects associated 
with precipitation reactions (Figs. 13,14,15).
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Figure 13. D ifferentia l scanning ca lo rim etry  trace of 
N itinol fo llow ing annealing trea tm ents at 
823 and 873K. (60)
3) Annealing at 825K for two hours resulted in a single peak 
for cooling, as did the 775K treatment for 65 hours. Thus both 
specimens appeared stress free. The lower temperature annealing 
treatment precipitated more nickel from the matrix, however, 
which results in significantly higher heating transformation 
temperatures.
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Annealing at 875K caused re-solutioning of nickel in 
matrix and lowered the transition start temperature. There 
no indication of the presence of R structure (Fig.13).
Figure 14. Figure 15.
DSC trace of nitinol following DSC trace of nitinol
annealing treatments at 673 fo llo w in g  a n n e a lin g
and723K. (60) treatments at 773K. (60)
the
was
Figure 16. Typical DSC traces showing 1st, 2nd, and 
10th cycles for a NiTi specimen. (78)
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5.2 Effect of Heat Treatment and Aaina
NiTi alloys annealed at around 1270K and then quenched in 
water have a low critical stress for slip (79), and so it is very 
important, when using the alloys commercially in shape memory 
devices, to increase the critical stresses to a higher level. Thus, 
TiNi alloys are usually aged at around 670K to increase the 
critical stress for slip (79), and this aging is commercially called 
shape memory treatment.
The aging treatment brings about many improvements not 
only in pseudoelasticity but also in the shape memory effect, such 
as reducing the temperature hysteresis to less than 2K, 
generating all-round shape memory effect, and increasing the 
shape recovery force (79).
By changing the aging condition, the amount of spontaneous 
shape change and its temperature range, which is characterized by 
the transformation temperatures of both the intermediate (R) and 
martensite phases, can be controlled (80).
In the NiTi system, however, the premartensitic 
transformation is not a precursor of the martensitic 
transformation as the two are different or independent, although 
they are interrelated crystallographically (83).
80
The lowest recovery temperature and the best shape 
recovery has been obtained in NiTi alloys after annealing between 
725K and 775K (81). Annealing time in this range of temperatures 
has little effect on properties. Shape recovery deteriorates with 
increases in strain up to 18%. Various annealing temperatures in 
this range yield a high temperature B2 phase with a slightly 
different structure (degree of order, defect structure etc.).
Nishida and Wayman (23) found that when Ni-rich alloys are 
quenched from the single phase region at high temperature, an 
intermediate phase with rhombohedral structure appears between 
the parent phase with CsCI type structure and the martensitic
phase with monoclinic structure. Upon aging below 875K TiNi3
or other Ni-rich second phases precipitate from the matrix. The 
intermediate transformation is thermoelastic and contributes to 
the shape change in both SME and RSME.
Aging after annealing at around 1270K is effective only for 
the alloys containing more than 50.5at.%Ni (23). The more the Ni 
content exceeds 50.5at.%, the higher is the critical stress for 
slip. This stress is as high as 600MPa in an 51.6at.%Ni alloy. 
Aging after annealing is effective in alloys with Ni content of 
more than 50.5at.% only.
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The premartensitic transformation in 50.5at%Ni alloy 
occurs at room temperature whether water-quenched or 
furnace-cooled (82). The furnace-cooled alloy exhibits obvious 
mechanical memory behaviour while water-quenched material 
almost loses it, but aging at room temperature can result in the 
formation of the twinned martensite, leading to the reappearance 
of the memory function. Zhou, Jinlan and Huo (82) propose that 
substitutional defects caused by excess nickel atoms are 
responsible for the ageing phenomenon.
Iwasaki and Hasiguti (83) working with a 51at%Ni alloy 
found that when preannealed between 575K and 775K, only 
premartensitic transformation is observed while only the 
martensitic transformation occurred when the preannealing 
temperature was above 875K. Aging at 875K resulted in no 
significant microstructural changes.
The sequence of transformation events in an aged 52at%Ni 
alloy was deduced from electron microscopy and diffraction to be 
as follows.
Tetragonal parent phase transforms to an intermediate 
orthorhombic phase around 355K (see Appendix 1), and is 
characterized by the appearance of antiphase-like microdomains
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and then the intermediate phase transforms to a low temperature 
monoclinic phase around 325K, which is characterized by the 
formation of the needle-like microdomains.
The Ms temperature decreased with increasing Ni 
concentration (75). When the Ni concentration was 50.6 at% or 
more, a spontaneous shape change occurred, particularly in both 
51.0 and 51.8 at%Ni alloys. On aging a 51at%Ni alloy at 675K, 
Nishida and Honma (21 ) determined that Ms decreased at first and 
after 14.4ks (4hrs), continued to increase for 3600ks (1000hrs) 
or more. When the Ni concentration was 50.6 at% or more, the 
shapes of the resistivity curves changed remarkably on aging. 
Resistivity increased with decreasing temperature; that is, the 
intermediate phase appeared, and the Ms temperature was raised.
The precipitation of a Ni50Ti44 (or Ni^4T i^ )  phase on aging
caused a decrease in the Ni content of the matrix phase. 
Spontaneous shape change in Ni rich alloys obtained by 
constrained aging was caused by precipitation of
N‘56T i4 4 (N j14T i1 1) ParticJes> which produced a sufficient
internal stress field to control the growth of the intermediate 
phase. The reason for the increase of the critical stress for slip
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upon aging treatment has been explained (79) as due to fine 
Ni 1 4 Ti-j -| precipitates. Diffraction patterns showed these fine
particles to be Ni14 Ti-j-j formed during aging at 575K and 675K.
These precipitates, through their stress fields, selectively biased 
both the R-phase and martensitic transformation and thus 
generated the ARSME (22). The parent crystal was strengthened by
the precipitation of Ni4T i3 (or Ni-j 4 Ti-j -j), and the R-phase
transformation appeared prior to the usual martensitic 
transformation.
On aging for a longer time at 675K, the Ms increased for the 
same reason (80) as the increase at 775K, but the precipitates 
were finer than those at 775K and did not easily lose coherency. 
Therefore, on aging for over 360ks (100hrs) at 675K, the 
specimen exhibited the spontaneous shape change and the ARSME.
On aging at 775K Ms increased even for 900s (15mins) and 
reached a constant temperature for 36Ks (10hrs) or more which 
corresponds to an aging time after which the spontaneous shape 
change and ARSME were difficult to observe. It seemed that here 
the precipitates grew to a large size and lost coherency and were 
surrounded by misfit dislocations.
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For a 51at%Ni alloy (80) the transition temperature (B2->R) 
can be considerably reduced by increasing the cooling rate after 
aging heat treatment. The reversible B2<=>R transformation with 
small hysteresis can be obtained through partial thermal cycling 
in the range of R-phase transformation temperature and the 
transformation can offer considerable shape memory effect alone 
providing some two thirds of the total effect.
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5.3 Effect of Aging and Thermal Cycling on the
R-phase Transition
A degradation of shape memory behaviour is a potential 
problem in technological applications of memory alloys. In 
repeated transformation cycling through the transformation 
temperature range the amount of recoverable deformation as well 
as the transformation temperatures change, indicating that some 
irreversible processes occur in the ideally-reversible 
thermoelastic martensitic transformation. The change in Ms as a 
function of thermal cycling shows some variation in different 
studies as it increases in Cu-Zn, Fe-Pt and Cu-Zn-AI alloys but 
decreases in Cu-AI-Ni and Ni-Ti alloys (84,85,86,79). Thermal 
transformation cycling includes effects due to the low 
temperature ageing which influences the degree of order in 
addition to those effects due to the transformation per se, thus 
the cycling dependence of Ms could be different even in the same 
alloy system.
After quenching or after several temperature cycles, the Ms 
temperature is lowered due to the presence either of vacancies or 
of a high dislocation density, whereas the premartensitic effects 
seem to occur always at the same temperature (87). The first
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workers to note that thermal cycling generates dislocations in 
the NiTi alloys were Sandrock et al (56).
Thus the presence of these two peaks is probably due to 
internal stresses causing a shift to lower temperatures of the 
martensite transformation and thus the peaks are separated. As 
noted earlier (50), the R-phase transition is associated with a 
rhombohedral lattice distortion and is not a precursor to the 
martensite transformation but is an independent transformation. 
Transmission electron microscopy (56) showed that thermal 
cycling through Ms or application of stress below Md, acts as a 
form of "cold work" in that a permanent dislocation substructure 
is developed; these dislocations apparently act as a barrier to the 
formation of martensite plates, and are responsible for the 
"stabilization" of the high temperature phase (i.e. the observed 
lowering of the Ms temperature with increased cycling).
Thermal cycling through the complete transformation 
temperature range enhances the intensity of the resistivity peak 
and the extent of shape memory effect has been reported to
improve upon repeated cycling (88). The higher the p-phase 
hardness, the lower is the transformation temperature (87). In 
general both the peak position and intensity change upon
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subsequent cycling. Further cycling depresses the Ms temperature 
and increases the peak height, but with continued cycling peak 
temperatures tend to stabilize. The most obvious feature of 
thermal cycling is that the resistivity peak is enhanced. 
Formation of martensite is required to establish the peak and 
both incomplete and complete cycling enhance the peak intensity. 
The resistivity peak phenomenon is not related to the memory 
effect which is very reproducible and serves to establish the As 
and Af temperatures.
Thermal cycling affects not only the R->M transformation 
but also the B2->R transition (89). The recovery force is much 
more stable with thermal cycling when the R-phase transition 
alone takes place on cooling than when both the B2->R and R->M 
transitions occur. One possible reason for this is that 
dislocations are introduced during the R->M transition or the 
reverse, which seems to give rise to broad DSC peaks. The 
transformation behaviours are very stable when the R-phase 
transition alone takes place in cycling. While the R-phase 
transition exhibits a small hysteresis of about 2K, in the R->M
and B2->M transitions it is about 30K.
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Thermal cycling (90) appears to have the following effects:
1) change in Ms,
2) increase in electrical resistance prior to the martensitic 
tranformation during cooling, and
3) increase in the temperature difference between Ms and Mf. 
The rhombohedral transformation temperature remains
constant even in the specimens which undergo these changes.
Among these effects 2) appears only when Ms decreases. As 
Ms decreases the rhombohedral transformation temperature 
remains constant and so widens the temperature range of the 
"pre-transformation" where the rhombohedral phase is stable. 
Effect 2) apparently arises from the same causes as 1). The 
appearance of the above phenomena depends on Ni-content and 
thermo-mechanical treatment.
As mentioned previously, the following causes have been 
proposed for the effect of thermal cycling in various shape 
memory alloys (90):
1) change in the degree of order,
2) aging during thermal cycling, and
3) introduction of dislocations.
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The effects of various types of thermo-mechanical 
treatments on equiatomic and Ni-rich alloys have been 
investigated (90). The transformation temperatures change with 
thermal cycling for all alloys. However, in aged Ni-rich 
specimens and those annealed at a temperature lower than the 
recrystallization temperature after cold working, transformation 
temperatures remain constant even after thermal cycling, as 
dislocations are introduced by thermal cycles. In specimens with 
constant transformation temperatures, no substantial change in 
the microstructures was observed with thermal cycling. For the 
49.8at.%Ni alloy, Ms decreased with increasing numbers of 
thermal cycles, while the R-phase transformation temperature 
remained constant. As a consequence, the electrical resistance 
increased prior to the onset of the martensitic transformation 
because the temperature range for the "premartensitic" phase 
became wider. The temperature difference (Ms-Mf) became larger 
with increasing numbers of thermal cycles. These changes due to 
thermal cycling were found in all alloys subjected to the 
solution-treatment (90). In aged specimens the effect of thermal 
cycling depends strongly on Ni-content. Aging-treatment 
produced fine precipitates in Ni-rich alloys, but not in a
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49.8at.%Ni alloy. This implies (90) that the fine precipitates 
suppress the effect of thermal cycling and thus keep the 
transformation temperatures unchanged during thermal cycling. 
By annealing cold worked specimens at 675K, the high density of 
dislocations remained, since the annealing temperature was lower 
than the recrystallization temperature. The variation of 
electrical resistance with temperature for a 49.8at.%Ni alloy 
heat-treated at 675K is not changed by thermal cycling. Since 
precipitates were not formed in this alloy, it was concluded (90) 
that the dislocations, once stabilized by intermediate annealing, 
also suppressed the effect of thermal cycling. Pre-straining
retarded the martensitic transformation. However, by repeated 
thermal cycling, Ms increased with cycling when pre-strains were 
4.6% and 11.8% and remained almost constant for a prestrain of 
22.8%. The Ms temperature of unstrained material decreased with 
increasing numbers of cycles, while that of pre-strained 
material increased.
The degree of change in Ms decreases with increasing 
pre-strain indicating that the effect of thermal cycling is also 
suppressed by work hardening (90). In cases where pre-strain is 
small, new dislocations may be induced and/or the existing
9 1
dislocations may be rearranged by thermal cycling. Either effect 
will lead to a change in the internal stress field, resulting in a 
change in Ms (90). In a strongly work hardened state, dislocations 
may move only slightly during thermal cycling, and thus Ms will 
be insensitive to the cycling.
Figure 17. DSC curves showing shift of martensite
tra n s it io n  te m p e ra tu re  to low e r 
temperatures as a result of cycling and 
thereby revealing the premartensitic peak.
(78)
Airoldi and co-workers (78) determined the heats of 
transformation as a function of thermal cycling for alloys 
containing from 50 to 50.5at%Ni. D ifferential Scanning
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Calorimetry was carried out in the temperature range from 193K 
to 393K and specimens were cycled through£2.<=>M phase change 
at a rate of 10K/min.
Three kinds of DSC thermograms were found.
1) Equiatomic alloys showed a well shaped exothermic peak 
on cooling and an endothermic peak on heating which, although 
shifting in temperature and changing in shape with cycling, did 
not split. DSC peaks widened with cycling during cooling whilst 
shrinking during heating.
2) The Ni-rich alloys showed a second peak at a higher 
temperature during B2->M transformation on cooling. It did not 
separate from the main peak, at least until the 13th cycle. The 
peak at the higher temperature was attributed to the parent 
rhombohedral phase change (B2->R) step (Fig.17).
3) The third type of DSC thermogram comprised curves 
obtained during the 2nd cycle of a 50.5at%Ni alloy specimen 
heat-treated at 775K. In this case neither the start transition
temperature (STT) nor AHm_>B2 appeared to change with cycling.
Some features of the DSC thermograms obtained (78) were 
as follows.
1) STT shifts generally to lower temperatures with cycling,
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as already noted.
2) Widening of DSC peaks on cycling during cooling is a 
consequence of Ms shift to lower temperatures and hinders the 
splitting of the transformation sequence B2->R->M. The splitting 
appears in some cases, depending on alloy composition.
3) The extent of the hysteresis cycle, typically As-Ms, 
seemed to be sometimes lower in Ti deficient alloys
4) AH and AH seemed to be related not only to
B2->m m->B2
the chemical composition of the alloy but also to the 
stabilization cycles or thermal treatment undergone by the 
specific alloy.
Kwarciak and co-workers (70) studied similar alloys to 
those used by Airoldi et. al. (78) and noted the effect of thermal
cycling and Ti^Ni precipitation on the stability of two NiTi alloys.
An equiatomic NiTi alloy was used which contained particles of 
Ti2Ni phase after quenching, and a Ni-rich alloy (50.2at%Ni) which
did not contain Ti2Ni phase in the matrix. Samples of both alloys
were heated and cooled in the temperature range 255K to 405K. 
On the basis of X-ray measurements it was ascertained that in the
alloy containing particles of Ti2 Ni the precipitation process
proceeded further during thermal cycling, while in the second 
alloy this process was not observed.
9 4
The decrease in tem peratures of transform ation confirms 
the precipitation of T i2 Ni phase (Fig. 18).
Figure 18. G r a p h  s h o w i n g  the v a r i a t i o n  of  
trans fo rm ation  tem peratures w ith cycling 
for the equ ia tom ic  alloy conta in ing N iT i2
particles. (70)
Precipitation of Ti2 Ni phase caused an increase in the nickel
content in the m atrix , lead ing to a decrease in the Ms
temperature. The increase in quantity of Ti2 Ni phase during
thermal cycling caused a decrease in the volume fraction 
transformed during cooling and heating. As a consequence a 
decrease in the heats of transformation was observed since this
9 5
heat is proportional to the mass of the reacting substances.
There are some other reasons for the decrease in heats of 
transformations. One reason is the presence of structural defects 
produced as a result of thermal cycling. As a result of cycling 
the DTA peaks become more spread, i.e. become slightly lower and 
wider. The changes of transformation heats as well as in shape of 
the DTA peaks are associated with increases in lattice defects. 
A fter about 20 com plete therm al cycles satura tion of these 
effects is reached, and the mentioned parameters remain virtually 
constant during further cycling (Fig. 19).
Figure 19. Diagrams showing the variation of the DTA 
peak shape with cycling for the equiatomic 
alloy containing NiTi^ pha$e:(a) heating and
(b) cooling. (—)First cycle, (-----— )after 10
cycles,(—) after 50 cycles. (70)
9 6
In the Ni-rich alloy no T ^ N i phase was de tected  after
thermal cycling, but decreases in the temperatures and in heats of 
transformations were observed. These effects were sm aller than
those found in the alloy containing Ti2 Ni phase.
7~(°C)
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Figure 20. D i ag r am s h o w i n g  the v a r i a t i o n  of  
transform ation temperatures with cycling fo r 
a Ni-rich alloy without NiTi^ phase. (70)
Moreover, in the alloy containing Ti2 Ni particles the heats 
of transformation decreased continuously, while in the alloy 
without T i2 Ni particles (Fig. 20) the heats of transformation 
decreased during the first 10 cycles only and subsequently were
9 7
unchanged. It may be concluded that the presence of the 
in term etallic phase particles decreased the stability of the alloy
characteristic parameters. For the alloy without T ^ N i partic les
it was also ascertained that a second peak appeared on the DTA 
curves during cooling (Fig. 21) as a result of thermal cycling. For 
reverse transformation one endothermic peak was observed.
Figure 21. Diagram showing the changes in DTA curves 
as a result of cycling for a Ni-rich alloy 
without NiTi2 phase. (—-) First cycle, (—)
after 40 cycles. (70)
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Experimental work in the following section was designed to 
obtain information on some of the factors affecting 
transformation characteristics of a NiTi alloy. All experimental 
work was carried out using Differential Scanning Calorimetry to 
obtain traces after various thermal and mechanical treatments of 
the alloy and so determine the subsequent transformation 
characteristics.
6. EXPERIMENTAL
The purpose of this investigation was to determine the 
effects of heat treatment, aging, thermal cycling, and cold 
deformation on the transformation peaks of a Nitinol alloy.
The NiTi alloy used for experimental work was received from 
Raychem Corporation (U.S.A) in the form of 15mm square rod of 
nominally equiatomic composition. The material received was 
given the standard heat treatment of 550°C* for 5 minutes after 
which the microstructure was fully martensitic (Fig. 22). The 
characteristic transformation temperatures were determined 
using this heat treated material which energy dispersive x-ray 
analysis showed to contain 47at.%Ni and 53at.%Ti.
The NiTi rod was machined to 3mm diameter bar then cut 
with a diamond cut-off wheel to discs weighing 30-^Omg. These 
discs were ground to a fine surface finish then heated at 550°C 
for 5 minutes in sealed silica tube under a slight positive argon 
pressure to remove stresses introduced as a result of sample 
preparation.
*a ll  te m p e ra tu re s  relating to the e xpe rim e nta l results are g ive n  in ° C .
Figure 22. Photomicrograph showing the martensitic 
structure of the NiTi alloy used in this work; 
unetched; polarised light, X250
Thermal cycling was carried out in the Mettler 3000 series 
TC30 Differential Scanning Calorimeter (DSC) at a rate of 
10°C/minute. Manual thermal cycling between 100°C and -100°C 
was carried out by cycling between liquid nitrogen and boiling 
water at a rate as close as possible to 10°C/minute. This cycling 
enabled several samples to be treated simultaneously and so be 
more time efficient.
Ling and Kaplow (81) noted that the lowest recovery 
temperature and the best shape recovery has been obtained in NiTi 
alloys after annealing between 450°C and 500°C. Beyer et. al.
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(74) studied the effect of various heat treatments on the phase 
transitions in a NiTi alloy using samples weighing about 35mg and 
annealed at temperatures between 400°C and 600°C. They (74), 
and Airoldi and coworkers (78) thermally cycled samples in the 
DSC at a rate of 10°C per minute.
As a consequence, and to be consistent, all samples used in 
this work were adjusted to a mass between 30 and 40mg and were 
initially heat treated at 550°C for 5 minutes followed by slow 
cooling. Thermal cycling in the DSC was carried out at the rate of 
10°C/minute.
It was found that an exothermic transition occurred on 
cooling giving a single peak corresponding to the martensitic 
transition B2->M and initially, after the standard heat treatment 
of 550°C for 5 minutes, having a peak temperature of ~32°C.
On heating an endothermic transition took place giving a 
single peak corresponding to the reverse transformation (M->B2) 
to the parent (austenite) phase and having an initial peak 
temperature of ~62°C.
The range of temperatures selected for thermal cycling in 
this work was 200°C <=> -100°C to fully cover the transformation 
temperatures of the alloy.
1 0 2
Several changes to the peak parameters were noted as a 
result of cycling:
peak temperature 
peak height 
peak shape 
peak width
heat of transformation (AH)
Peak temperatures and heats of transformation were 
obtained from results determined by the DSC machine and height 
and width measurements were determined from the peaks 
produced by the DSC (Fig. 23).
cooling -----►
heating -----►
Figure 23. Diagram showing the method of measurement 
used to determine peak width and peak height.
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6.1 Experimental Procedure and Results
The results are tabulated in the Appendices and 
representative results are shown in graphical form in this 
section.
The effect on transformation peaks of NiTi obtained using 
DSC were examined. Variations in peak characteristics of
temperature, height ,shape and value of AH were a result of the 
following treatments.
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6.1.1. Effect of second heat treatment temperature after 
thermal cycling (samples 1-9b)
The aim of this part of the work was to determine the 
second annealing temperature, for a time of 1 minute, that was 
necessary to restore the transformation characteristics of a 
cycled sample to those of a sample after the initial standard heat 
treatment. All samples were subjected to the standard heat 
treatment at 550°C for 5 minutes followed by slow cooling. 
These samples were manually thermally cycled then subjected to 
a second heat treatment. The heat treatment variables are given 
in Table 3, the peak temperatures are shown in Figures 24-32. 
Table 3.
Initial standard 
heat treatment
second
heat treatment
specimen
number Fiaure
550°C/5min. 300°C/1 min. 1 24,29
550°C/5min. 310°C/1 min. 2 24
550°C/5min. 325°C/1 min. 3 25
550°C/5min. 350°C/1 min. 4 25
550°C/5min. 400°C/1 min. 5 26,30
550°C/5min. 450°C/1 min. 6 26
550°C/5min. 550°C/1 min. 8a,8b 27,31
550°C/5min. 550°C/5min. 9a,9b 28,32
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Figure 24 Diagrams indicating the effect of second heat 
treatment of 300°C/1 minute (for sample 1) and 
310°G/1 minute (for sample 2) on Martensite and 
Austenite transformation peak temperatures after 
thermal cycling.
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Figure 25 Diagrams indicating the effect of second heat 
treatment of 325°C/1 minute (for sample 3) and 
350°C/1 minute (for sample 4) on Martensite and 
Austenite transformation peak temperatures after 
thermal cycling.
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Figure 26 Diagrams indicating the effect of second heat 
treatment of 400°C/1 minute (for sample 5) and 
450°C/1 minute (for sample 6) on Martensite and 
Austenite transformation peak temperatures after 
thermal cycling.
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Figure 27 Diagrams indicating the effect of second heat 
treatment of 550°C/1 minute on Martensite and 
Austenite transformation peak temperatures after 
thermal cycling for samples 8a and 8b.
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Figure 28 Diagrams indicating the effect of second heat 
treatment of 550°C/5 minute on Martensite and 
Austenite transformation peak temperatures after 
thermal cycling for samples 9a and 9b.
cooling -> heating ->
Figure 29 Diagram indicating the effect on transformation peak 
characteristics as a result of second heat treatment 
temperature after thermal cycling. The sample was 
given an initial standard heat treatment at 
550°C/5mins. and then cycled 20 times before second 
heat treatment at 300°C/1 min.
coo!ing-> 
martensite peak
heating -> 
austenite peak
Figure 30 Diagram indicating the effect on transformation peak 
characteristics as a result of second heat treatment 
temperature after thermal cycling. The sample was 
given an initial standard heat treatment at 
550°C/5mins. and then cycled 20 times before second 
heat treatment at 400°C/1 min.
cooling-> heating ->
martensite peak austenite peak
isothermal treatment 550°C/1 min.
Figure 31 Diagram indicating the effect on transformation peak 
characteristics as a result of second heat treatment 
temperature after thermal cycling. The sample was 
given an initial standard heat treatment at 
550°C/5mins. and then cycled 20 times before second 
heat treatment at 550°C/1 min.
cooling -> heating ->
martensite peak austenite peak
peak temp. °C
61.5
isothermal treatment 550°C/ 5 min.
Figure 32 Diagram indicating the effect on transformation peak 
characteristics as a result of second heat treatment 
temperature after thermal cycling. The sample was 
given an initial standard heat treatment at 
550°C/5mins. and then cycled 20 times before second 
heat treatment at 550°C/5 min.
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6.1.2. Effect of thermal cvclino (samples 2.1-2.4)
(i) Effect of thermal cycling on peaks (samples 2.1.2.2 )
The aim of this part of work was to determine the effect of 
thermal cycling in the DSC on the transformation peak 
characteristics. All samples were subjected to the standard 
initial heat treatment of 5 minutes at 550°C followed by slow 
cooling. Each sample was then cycled in the DSC ten times 
between -100 and 200°C to fully cover the transformation range 
then given a second heat treatment at 550°C for 5 minutes.
The peak temperatures are shown in Figure 33 and the DSC 
curves are shown in Figure 34
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Figure 33 Diagram indicating the effect of thermal cycling on 
Martensite and Austenite transformation peaks for 
samples 2.1 and 2.2. Samples cycled 10 times in DSC 
before isothermal treatment at 550°C/5 minutes.
cooling -> heating ->
martensite peak austenite peak
2 6 . 3
Figure 34 Diagram indicating the effect of thermal cycling on 
Martensite and Austenite transformation peaks. The 
sample was given an initial standard heat treatment 
at 550°C/5mins. and then cycled 10 times in DSC 
before second heat treatment at 550°C/5mins.
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(iil Effect of combined manual and DSC cycling (samples 
2.3-2.61
The aim of this part of work was to determine the effect of 
a combination of manual and DSC thermal cycling on the 
transformation peak characteristics. All samples were subjected 
to the standard initial heat treatment at 550°C for 5 minutes 
followed by a combination of manual and DSC cycling.
Two samples (2.3,2.4) were tested using a combination of 
manual and DSC cycles (Fig.35) and two samples (2.5,2.6) were 
cycled only in the DSC (Fig.36).
The peak temperatures are shown in Figures 35 and 36, and 
representative DSC curves are shown in Figures 37 and 38.
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Figure 35 Diagrams indicating the effect of combination of 
manual cycles (100<=>-100°C) and DSC cycles 
(200<=>-100°C) on Martensite and Austenite 
transformation peak temperatures for samples 2.3 and
2.4.
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Figure 36 Diagrams indicating the effect of cycling in the DSC 
on Martensite and Austenite transformation peak 
temperatures for samples 2.5 and 2.6.
cooling -> heating ->
martensite peak austenite peak
Figure 37 Diagram indicating the effect of combination of
manual and DSC cycles on Martensite and Austenite 
transformation peak characteristics. The sample was 
given an initial standard heat treatment at 
550°C/5mins. before cycling 12 times in DSC and 9 
times manually.
cooling-> 
martensite peak
heating -> 
austenite peak
sample 2.6
Figure 38 Diagram indicating the effect of combination of
manual and DSC cycles on Martensite and Austenite 
transformation peak characteristics. The sample was 
given an initial standard heat treatment at 
550°C/5mins. before cycling 20 times in DSC.
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6.1.3. Isothermal treatments (samples B1-B34)
The aim of this part of the work was to determine the effect 
of second heat treatment variables on the transformation 
characteristics.
All samples were subjected to the initial standard heat 
treatment at 550°c for 5 minutes followed by 20 thermal cycles 
in the DSC then the second heat treatment in the DSC at a 
temperature in the range 250°C to 450°C for various times.
The heat treatment variables are given in Table 4.
The peak temperatures are shown in Figures 39 to 43; it will 
be noted that the time intervals shown in these diagrammatical 
presentations of results are non-linear. This is a convenient way 
to present results and has no significance.
Table 4.
isothermal 
heat treatment
time sample
number Figure
250°C
300°C
350°C
400°C
450°C
30sec.-50min. 
30sec.-45min. 
30sec.- 8min. 
30sec.- 4min. 
30sec.- 1min.
B1 -B12 39
B13-B22 40
B23-B28 41
B29-B32 42
B33-B34 43
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Figure 39 Diagrams indicating the effect of isothermal
treatment at 250°C for various times on Martensite 
and Austenite transformation peaks for samples B1 to 
B12.
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Figure 40 Diagrams indicating the effect of isothermal
treatment at 300°C for various times on Martensite 
and Austenite transformation peaks for samples B13 
to B22.
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Figure 41 Diagrams indicating the effect of isothermal
treatment at 350°C for various times on Martensite 
and Austenite transformation peaks for samples B23 
to B28.
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Figure 42 Diagrams indicating the effect of isothermal
treatment at 400°C for various times on Martensite 
and Austenite transformation peaks for samples B29 
to B32.
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Figure 43 Diagrams indicating the effect of isothermal
treatment at 450°C for 30 seconds and 1 minute on 
Martensite and Austenite transformation peaks for 
samples B33 and B34.
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6.1.4. Aging ( s a m p l e s  C 1 - F 1 )
The aim of this part of the work was to determine the effect 
of aging of samples on the transformation peaks.
Samples were subjected to the initial standard heat 
treatment at 550°C for 5 minutes, aged at temperatures between 
450°C and 900°C then thermally cycled in the DSC.
To prevent oxidation during the aging heat treatment, each 
sample was sealed with a piece of Ti as a getter in a silica tube 
which was evacuated and argon flushed several times leaving a 
slight positive argon pressure.
The heat treatment variables are given in Table 5 and 
representative results shown in Figures 44 to 46; it will be noted 
that the time intervals shown in these diagrammatical 
presentations of results are non-linear. This is a convenient way
present results and has no significance.
Table 5.
heat treatment
temoerature time cycling samDles Fiaure
800°C 2min.-96hrs,. DSC+manual C1-C16 44
800°C 2hrs. DSC C17 -
800°C 36hrs. DSC C18 -
850°C 2min.-48hrs . DSC+manual D1-D13 45
900°C 2min.-20hrs . DSC+manual E1-E13 46
450°C 504hrs. DSC F1 -
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Figure 44 Diagrams indicating the effect of aging at 800°C for 
various times on Martensite and Austenite 
transformation peak temperatures for samples C1 to 
C16.
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Figure 45 Diagrams indicating the effect of aging at 850°C for 
various times on Martensite and Austenite 
transformation peak temperatures for samples D1 to 
D13.
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Figure 46 Diagrams indicating the effect of aging at 900°C for 
various times on Martensite and Austenite 
transformation peak temperatures for samples E1 to 
E13.
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6.1.5. Effect of cold deformation and various heat treatmeni 
temperatures (samples G1-G12)
The aim of this section of work was to determine the effect 
of cold deformation and subsequent heat treatment on the 
transformation characteristics.
All samples were subjected to the initial standard heat 
treatment at 550°C for 5 minutes.
Each sample was thermally cycled once, then cold deformed 
by impact compression before thermal cycling once more. 
Samples were then heat treated for 5 minutes at temperatures 
from 400°C to 850°C and then thermally cycled once.
The heat treatment variables are given in Table 6 and 
representative results are shown in Figures 47 to 49.
Table 6.
satment temo. specimen Fiaure
400°C G1 -
450°C G2 47
500°C G3 -
550°C G4,G5,G6 -
600°C G7 48
650°C G8 -
700°C G9 -
750°C G10 -
800°C G11 49
850°C G12 -
co o Iing ->
m artensite peak
heating ->
austenite peak
peak temp. °C
Figure 47 Diagram indicating the effect of cold deformation and 
various heat treatments on transformation peaks.
The sample was given an initial standard heat 
treatment at 550°C/5mins., cycled once in the DSC 
before being cold deformed, cycled once again in the 
DSC and then given a heat treatment at 450°C/5mins.
co o ling  ->
m artensite peak
heating ->
austenite peak
cold deformation
36.4
Figure 48 Diagram indicating the effect of cold deformation and 
various heat treatments on transformation peaks.
The sample was given an initial standard heat 
treatment at^0°C/5mins., cycled once in the DSC 
before being cold deformed, cycled once again in the 
DSC and then given a heat treatment at 650°C/5mins.
cooling ->
martensite peak
heating ->
austenite peak
33.5 57.6
isothermal treatment 800°C/5min.
Figure 49 Diagram indicating the effect of cold deformation and 
various heat treatments on transformation peaks.
The sample was given an initial standard heat 
treatment at 550°C/5mins., cycled once in the DSC 
before being cold deformed, cycled once again in the 
DSC and then given a heat treatment at 800°C/5mins.
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7. DISCUSSION
The purpose of this investigation was to analyse the effect 
of heat treatment, aging, thermal cycling, and cold deformation on 
the transformation characteristics of a nitinol alloy following 
transformation cycling.
There was a noted variability of transformation 
characteristics between ostensibly duplicate samples which may 
be attributed to differences in structure (microstructure, defects 
etc.) and effects due to mass variations between samples. As a 
consequence comments made in this chapter relate to general 
trends observed in the results.
It was also noted throughout the work that the first thermal 
cycle gave nonreproducible results which may be attributed to the 
material being substantially, but non uniformly free from residual 
deformation effects on the first thermal cycle after initial 
standard heat treatment of 5 minutes at 550°C. The 
tranformation characteristics due to subsequent thermal cycling 
were more reproducible, possibly because of the generation of a 
stable dislocation structure during thermal cycling.
7.1. Effect of Second Heat Treatment Temperature 
After Thermal Cycling
Samples 1-9b (Fias. 24-321
Ling and Kaplow (81) stated that different annealing 
temperatures all yield a high temperature B2 phase with a 
slightly different structure (degree of order, defect structure 
etc.), and that annealing time in the temperature range between 
450°C and 500°C has little effect on properties.
Wang et. al. (2) noted that transformation temperatures of a 
NiTi alloy decreased with increasing numbers of thermal cycles 
and that these temperatures could be restored to those of an 
uncycled sample only by prolonged reannealing of the alloy at 
600°C or above. Prolonged reannealing of the alloy below 600°C 
had no effect.
As a result, the aim of this part of the work was to 
determine the treatment temperature, for a time of 1 minute, 
that was necessary to restore the transformation characteristics 
of a cycled sample to those of the sample following the standard 
treatment of 5 minutes at 550°C. The relevant characteristics 
comprised a martensite peak temperature of ~32°C and an
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austenite peak temperature of ~62°C. Initial annealing 
temperatures used by other workers (2,82) ranged from 
450-600°C, but 550°C has been used throughout this work as it 
was found to give satisfactory results. After the initial 
treatment samples were DSC cycled between 200°C and -100°C 
20 times before being subjected to a second heat treatment, 
usually for 1 minute at temperatures between 300°C and 550°C.
The effect of thermal cycling on the transformation peaks is 
discussed in Section 7.2.
As will be shown, the martensite peaks generally became 
lower and wider with thermal cycling. Peaks became wider until 
the R-peak separated and became clearly discernible and there 
appeared to be little difference in the R-peak temperature as a 
result of cycling. Sandrock et. al. (56) reported similar results 
and were the first workers to note that thermal cycling generates 
dislocations in NiTi. They also suggested that, after the first 
cycle, dislocations are created by the reverse transformation and 
the intermediate phase reaction may appear when sufficient 
dislocations are present.
It was found that heat treating after thermal cycling
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increased the height of peaks and also the peaks became narrower 
and peak temperatures increased with increasing heat treatment 
temperature.
The value of AH was not affected by cycling, see Appendix £. 
Table 1. Airoldi and coworkers (78) also noted that AH did not 
appear to change with cycling, even though the SME in NiTi is 
accompanied by an extraordinarily large latent heat of enthalpy 
(48). Mukherjee et al.(71) stated that the total enthalpy change 
on cooling is proportional to the area of the single heating curve 
(for a sample undergoing the R-transformation). Like the 
austenite and martensite peak temperatures, the 
R-transformation peak temperatures showed variations between 
samples which can be attributed to microstructural differences. 
It was found that for second heat treatment temperatures less 
than 325°C the martensite peaks were lower than those obtained 
on cycle 1 (the first cycle after the initial heat treatment). 
Above this temperature, the martensite peaks became steadily 
higher with increasing heat treatment temperature but above 
500°C little difference was evident. These results agree 
generally with the work of Wang et al. (2) who found that a
114
temperature of 600°C was necessary to restore the 
transformation characteristics of a cycled sample to those of the 
sample following a standard initial treatment.
There was no difference in results obtained from the 
samples treated at 550°C for 1 minute (duplicate samples 8a and 
8b), and the samples treated at 550°C for 5 minutes (duplicate 
samples 9a and 9b) in agreement with of Ling and Kaplow (81). 
Thermal cycling after all heat treatment temperatures made 
little difference to the austenite peaks, except that a slightly 
lower peak temperature after lower heat treatment temperatures 
was generally noted.
Thus, it seems that a temperature of at least 500°C is 
necessary to restore the transformation characteristics to those 
of the sample following the standard initial treatment of 5 
minutes at 550°C (Figs. 29-31). Further, it is probable that 1 
minute at temperature was sufficient for full recovery to take 
place and that time in excess of 1 minute has little effect on 
results. This is clearly seen by comparing Figs. 31 and 32.
As a consequence of these results, the slightly higher 
temperature of 550°C for 1 minute was chosen as the standard
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heat treatment carried out in the DSC for restoration of the 
transformation characteristics.
Thermal cycling introduces dislocations into the material 
(56) which is indicated by a lowering of martensite peak 
temperatures and a widening of the transformation temperature 
range (Figs. 24-32). Little difference in peak characteristics was 
noted after ~15 cycles indicating that a "stabilization" effect 
(46) occurred, presumably after generation of a certain level of 
dislocation density.
Summary
1) Annealing for 1 minute at a temperature of at least 
500°C was necessary to restore transformation characteristics 
of thermally cycled samples to those of the sample following the 
standard initial treatment of 5 minutes at 550°C. Times of 1 
minute and 5 minutes at temperature had the same effect on the 
transformation characteristics so that only 1 minute at the 
slightly higher temperature of 550°C was needed to allow full 
restoration of transformation characteristics.
Thus 550°C for 5 minutes followed by slow cooling was used
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as the standard initial heat treatment for bulk heat treatment 
after sample preparation and 550°C for 1 minute for samples 
thermally treated in the DSC after thermal cycling.
2) The value of AH was not affected by thermal cycling.
3) Generally the martensite peaks became lower and wider 
with thermal cycling.
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7.2 Effect of Thermal Cvlina
7.2.1 Effect of thermal cvclino on peaks
Samples 2.1. 2.2 (Figs. 33-341
The aim of this section of work was to determine the 
effect on transformation characteristics of thermal cycling in the 
DSC.
Samples were initially given the standard treatment of 
550°C for 5 minutes followed by slow cooling. Each sample was 
then cycled 10 times in the DSC between -100 and 200°C to fully 
cover the transformation range for this alloy and then given a 
second treatment at 550°C for 5 minutes with slow cooling.
Martensite peaks for each sample showed a slight lowering 
of the peak temperature (~8°C in 10 cycles, Fig. 33) with a 
broadening and reduction of height up to cycle 10 at which a 
slight premartensitic peak became evident (Fig.34). These 
results agree with several workers (78,79,84,85,86) who noted 
that after quenching or after several temperature cycles, the Ms 
temperature was lowered, probably due to the presence of 
vacancies and a high dislocation density, whereas the 
premartensitic effects seem to occur always at the same
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temperature (87). In general both the peak temperature and height 
change upon subsequent cycling. Tamura et. al. (89) and Kwarciak 
(70) noted that dislocations were introduced during the R->M 
transition or the reverse, which seems to give rise to lower and 
wider DSC peaks. The changes of AH of transformation as well as 
in shape of the peaks are associated with increases in structural 
defects. With every reverse transformation new dislocations are 
generated in the B2-phase (90). These dislocations may facilitate 
the crystallographic steps causing the premartensitic effects and 
can be directly related to the decrease of the Ms temperature, 
according to Li and Hsu (52). Nishida et al. (50) observed that 
thermal cycling through the martensitic range depresses the Ms 
temperature , thus extending and accentuating the premartensitic 
range. There appeared to be little difference in the R-peak 
temperature as a result of cycling. Nishida et. al. (50) stated 
that the R-phase shows a microstructural memory during thermal 
cycling although the martensite phase does not, so this effect 
may be associated with the stability of the R-phase transition. 
After the second heat treatment the peaks became narrower with 
a considerable increase in height. The premartensitic peak was
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eliminated due to reduction or removal of defects and reordering 
of the B2 phase after partial disordering. As a result, narrowing 
of the transformation temperature range occurred.
It was also observed that the austenite peaks became 
slightly higher and narrower with continued cycling, but with 
little difference in temperature for the start of the 
transformation (Fig.34). After the second heat treatment there 
was little difference in peak height but peak temperature was 
increased. The reasons for the observed variations are unclear.
The value of AH was not affected by cycling, see Appendix 1, 
Table 2. This agrees with the results of Airoldi (78) who also 
found that AH did not appear to change with cycling for both 
heating and cooling but seemed to be related to both the chemical 
composition of the alloy and any stabilization cycles or thermal 
treatment undergone by the specific alloy.
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7.2.2 Effect of combination of manual cycles
(100 <=> -1QO°C) and DSC cycles (200 <=> -10n°n)
Samples 2.3-2.6 (Fias. 35-3ftt
The aim of this section of work was to determine the 
effect on transformation characteristics of a combination of DSC 
and manual cycling.
All samples were given the standard initial heat treatment 
at 550°C for 5 minutes.
Two samples (2.3,2.4) were then cycled using a combination 
of manual and DSC cycles (Figs.35,37) and two samples (2.5,2.6) 
were cycled only in the DSC (Fig.36,38).
Berman and West (69) showed that the heat of transition of 
a NiTi alloy shifts to a lower value each time the sample is 
cycled between room temperature and 150°C to 200°C and that 
the extent of the change for each heating part of the cycle through 
the transition is about 10%.
Changes in the transformation temperature were also noted 
in the material used in this work, where it was also noted that 
the transformation temperatures did not stabilize until about the 
10-15th thermal cycle when further dislocation build-up had no
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further effect.
For samples 2.3 and 2.4 the R-peak was evident on cycle 10 
and was more pronounced on cycle 20 (Fig.37).
Several workers (46,78,79,84-87) showed that cycling 
lowered Ms and revealed a premartensitic region. It was 
generally noted that complete thermal cycling acted as a form of 
"cold work" by producing dislocations. Significant numbers of 
dislocations were not evident in the uncycled state but relatively 
high densities of dislocations were evident after cycling. It was 
concluded that the presence of dislocations is an impediment to 
further martensite formation and the result is a stabilization 
effect.
In the present work, little difference in the austenite peak 
form was noted with cycling other than a slight increase in height 
and decrease in width.
Sample 2.6 was cycled only in the DSC (Fig.38). The R-peak 
was clearly evident on cycle 9 and became more distinct from the 
martensite peak with continued cycling. Little change was 
evident in the form of the austenite peak. Airoldi (78), using 
Ni-rich alloys, showed a second peak at a higher temperature
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during B2->M transformation on cooling which did not separate 
from the main peak at least until the 13th cycle. Airoldi 
(78) attributed the higher temperature peak to the parent 
rhombohedral phase change (B2->R).
Widening of the peaks on cycling during the martensitic 
transformation (B2->M) accompanies the Ms shift to lower 
temperatures and is a manifestation of the development of the R 
phase transition. It also retards the splitting of the 
transformation sequence (B2->R->M) which is reported (78) to 
depend on alloy composition.
Using a combination of manual and DSC cycling, similar 
results were obtained to those for which DSC cycling alone was 
used. It was found that combinations of manual and DSC cycling 
could be used with little effect on results, indicating that the 
transformation temperature range for this alloy was fully covered 
using either method and that the rates of thermal cycling were 
sim ilar.
The value of AH was not affected by cycling, see Appendix
Table 3.
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Summary
1) It was found that similar transformation peak 
temperatures were measured afer combined manual and DSC 
thermal cycling, and DSC cycling alone. This indicates that the 
transformation temperature range was fully covered using both 
methods of cycling and that the rates of thermal cycling were 
similar. Peak temperatures of samples treated at 550°C for 5 
minutes tended to stabilize after about 15 cycles at ~24°C for 
martensite (B2->M) and ~56°C for austenite (M->B2).
2) The martensite peak (B2->M) height and temperature were 
reduced by increasing the number of thermal cycles and a 
premartensitic peak (B2->R) became evident on about the 10th 
cycle. This peak separated from the martensite peak with 
continued cycling (B2->R->M) as a result of the martensite 
transformation temperature being depressed.
3) The value of AH was not affected by cycling, see Appendix
2L, Tables 2 and 3.
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The aim of this section of work was to determine the effect 
of various times and temperatures on the transformation 
characteristics as a result of transformation cycling.
A variation of transformation characteristics was noted 
between samples, which may be attributed to differences in 
microstructure and defect structure, and effects due to mass 
variations between samples. As a consequence, comments are 
made only upon the general trends observed in the results 
obtained.
After the standard initial treatment of 5 minutes at 550°C 
each sample was given an initial isothermal treatment at a 
temperature between 250°C and 450°C followed by 20 DSC 
thermal cycles between 200°C and -100°C. A second isothermal 
treatment at the same temperature and for the same time as the 
original treatment was then given followed by an additional 
thermal cycle between 200°C and -100°C.
As it has been noted (84,85,86,79) that thermal cycling 
effects result from low temperature aging which influences the 
degree of order, together with effects due to the transformation
7.3. isothermal Treatments (Figs. 39-43)
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per se, the cycling dependence of Ms can be different even in 
similar alloys.
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7.3.1 Isothermal treatment at 250°C 
Samples B1-B12 (Fig. 391
Treatment times were between 30 seconds and 50 minutes. 
It was found that austenite and martensite peak 
temperatures obtained after initial treatment were not recovered 
even after 50 minutes isothermal treatment, even though peak 
temperatures increased with increasing treatment time. Peak 
temperatures increased for isothermal treatment times longer 
than 20 minutes indicating the effect is time dependent.
For a given treatment time at 250°C the 1st cycle gives 
higher Ms, and As temperatures, with temperatures decreasing, as 
expected, with further cycling. This corresponds to results 
obtained by Sandrock et al. (56) and Beyer (74) who both observed 
similar behaviour, and attributed the non reproducible results for 
the first thermal cycle to the fact that on this cycle dislocations 
necessary for the B2->R transformation were absent and direct 
transformation to martensite (B2->M) occurred. Additionally, 
Sandrock et. al. (56) noted that thermal cycling generates 
dislocations in NiTi and that after the first cycle, dislocations
are created by the reverse transformation and the intermediate
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R-phase reaction may occur.
For all times, the martensite peaks became lower and wider 
with cycling and were not as high as on cycle 1 even after an 
isothermal treatment time of 50 minutes. This observation tends 
to indicate that temperatures used in this work were not 
sufficiently high to remove effects introduced during thermal 
cycling.
The austenite peaks became higher and sharper with cycling 
with little difference in peak temperature. After all isothermal 
treatments, the peaks were higher or equal to the peaks obtained 
on cycle 1 (Fig. 39).
The value of AH decreased slightly with time for both 
heating and cooling cycles and was not as high as on cycle 1 after 
all isothermal treatment times, see Appendix % Table 4. Airoldi 
(78) noted that AH for both heating and cooling seemed to be 
related not only to the chemical composition of the alloy (change 
of matrix composition due to low temperature aging) but also to 
the stabilization cycles or thermal treatment undergone by the 
specific alloy. This may indicate that time at 250°C could cause 
low temperature precipitation (aging) which will be reversed only
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on heating at a significantly higher temperature.
The results obtained for 250°C are similar to those obtained 
for all temperatures up to 450°C.
129
Samples B13-B22 (Fig. 401
Treatment times were between 30 seconds and 45 minutes.
The results were similar to those obtained at 250°C and can 
be attributed to the same reasons.
It was found that the transformation peak temperature 
obtained on the first thermal cycle was not recovered even after a 
treatment time of 45 minutes (Fig.40) and the difference between 
transformation peaks after the first cycle and after the final 
isothermal treatment were about the same for all times.
Martensite peaks (B2->M) became lower and wider with 
cycling and a premartensitic peak (B2->R) appeared on cycle 20. 
Even after 45 minutes at 300°C peaks were not as high as on cycle
1.
Austenite peaks (M->B2) became higher and narrower with 
cycling and after all isothermal treatments, the peaks were the 
same as on cycle 1.
The value of AH decreased slightly with cycling for both 
heating and cooling cycles and was not as high as on cycle 1 after 
all isothermal treatment times, see Appendix 1, Table 5.
7.3.2 Isothermal treatment at 300°C
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Samples B23-B28 (Fin. 411
Treatment times were between 30 seconds and 8 minutes.
It was found that transformation peak temperatures 
increased with treatment time and after the 8 minute isothermal 
treatment the transformation peak temperatures were the same 
as the transformation temperatures obtained on cycle 1 (Fig. 41).
Results similar to those at lower temperatures were 
obtained but the second heat treatment for 8 minutes allowed 
adequate time and temperature to remove effects of low 
temperature aging.
Martensite peaks (B2->M) became lower and wider with 
cycling and a premartensitic peak (B2->R) appeared on cycle 20. 
After all isothermal treatments, the martensite peaks were not 
as high as on cycle 1.
Austenite peaks (M->B2) became higher and narrower with 
cycling. Little difference in shape and width was observed 
between cycle 1 and after isothermal treatment in all cases.
The value of AH decreased slightly with cycling for both
7.3.3 Isothermal treatment at 350°C
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heating and cooling cycles and was not as high as on cycle 1 after 
all isothermal treatment times, see Appendix £, Table 6.
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Samples B29-B32 (Fio. 421
Treatment times were between 30 seconds and 4 minutes.
After the 2 minute isothermal treatment, the transformation 
peak temperatures were the same as those obtained on cycle 1 
(Fig. 42).
NiTi alloys are usually aged at around 400°C to increase the 
critical stress for slip, and this aging is commercially called 
shape memory treatment (79). The aging treatment brings about 
many improvements not only in pseudoelasticity but also in the 
shape memory effect, such as reducing the temperature 
hysteresis to less than 2°C, generating the ARSME, and increasing 
the shape recovery force. The reason for the increase of the 
critical stress for slip upon aging has been explained (79) as due 
to fine precipitates. By changing the aging condition, the amount 
of spontaneous shape change and its temperature range, which is 
characterized by the transformation temperatures of both the 
intermediate (B2->R) and martensite phases (B2->M), can be 
controlled.
Martensite peaks (B2->M) became lower and wider with
7.3.4 Isothermal treatment at 400°C
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cycling and a premartensitic peak (B2->R) appeared on cycle 20. 
After isothermal treatment for all times, peak heights were the 
same as for cycle 1 indicating that there was sufficient time and 
temperature for removal of low temperature aging effects. 
Chandra and Purdy (57) found that the Ms temperature of NiTi can 
be depressed by annealing for long periods at ~400°C, after which 
the premartensitic range (R-phase) is clearly discernible. They 
also found that the material may be held for hundreds of hours at 
500°C without any detectable alteration in the Ms temperature.
Austenite peaks (M->B2) became higher and narrower with 
cycling and after isothermal treatment for 4 minutes a similar 
peak to that on cycle 1 was obtained.
The value of AH decreased slightly with cycling for both 
heating and cooling cycles and was not as high as on cycle 1 after 
all isothermal treatment times, see Appendix £, Table 7.
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7.3.5 Isothermal treatment at 450°C 
Samples B33-B34 (F\n 43)
Treatment times were between 30 seconds and 1 minute.
After 30 seconds isothermal treatment, the transformation 
peak temperatures were similar to those obtained on cycle 1 (Fig. 
43) indicating that there was sufficient time and temperature for 
removal of thermal cycling and low temperature aging effects.
Martensite peaks (B2->M) became lower and wider with 
cycling and a premartensitic peak (B2->R) appeared on cycle 20. 
The martensitic peak was much higher and narrower after the 
second isothermal treatment.
Austenite peaks (M->B2) became higher and narrower with 
cycling and the shape and width of the peaks after isothermal 
treatments were the same as on cycle 1.
The value of AH decreased slightly with cycling for both 
heating and cooling cycles and was a little higher after all 
isothermal treatment times, see Appendix 2, Table 8.
The matrix composition was probably closer to the original 
solution treated sample after second heat treatment at 450°C as 
some dissolution of precipitates due to low temperature aging
135
had probably taken place.
Summary
1) The martensite (B2->M) peak temperatures increased 
with increase in heat treatment temperature but there was little 
difference in the austenite (M->B2) peak temperatures regardless 
of heat treatment temperature. A temperature of at least 450°C 
for 1 minute was necessary after cycling to regain the 
transformation peak temperatures obtained on cycle 1. It seems 
that the lower the heat treatment temperature the lower the 
resultant peak temperature and height obtained for both austenite 
and martensite transformations.
2) The value of AH decreased slightly with cycling for both 
heating and cooling cycles being (i) not as high as on cycle 1 after 
all isothermal treatment times at temperatures less than 450°C, 
and (ii) a little higher after all isothermal treatment times for 
the samples treated at 450°C.
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7.4, Aging
Samples C1-F1 fFias. 44-46)
The aim of this section of work was to determine the effect 
on the transformation characteristics of aging at 800°C, 850°C, 
900°C which were above the acknowledged recrystallization 
temperatures of 500°C to 660°C for cold worked Nitinol (75), and 
after long term aging below this temperature at 450°C. Samples 
were then DSC cycled 20 times between 200°C and -100°C before 
a second heat treatment at 500°C for 1 minute, and a further 
cycle between 200°C and -100°C.
Results of this work were found to agree with the statement 
by Sandrock et. al. (56) who noted that the nickel in solution in 
the alloy matrix (as opposed to the overall composition of the 
alloy) and residual and precipitation stresses interactively affect 
the temperature range of the shape memory transformation.
These results will be discussed in sections 7.4.1 to 7.4.5.
137
7.4.1 Aaina at 800°C 
Samples C1-C16 (Fia. 441
Samples were aged at 800°C for times ranging from 2 
minutes to 96 hours followed by slow cooling.
They were then thermally cycled 20 times using a 
combination of manual and DSC cycling, then heat treated at 
500°C for 1 minute before another thermal cycle (Fig. 44).
The martensite peaks (B2->M) showed a reduction in height 
and an increase in width with increasing aging time. Kwarciak et 
al. (70) used an equiatomic alloy which contained particles of
Ti2Ni after quenching from 500°C and suggested that the decrease
in transformation temperature was due to precipitation which 
caused an increase in the nickel content in the matrix (21), 
leading to a decrease in the Ms temperature (see phase diagram 
Appendix 1.). The increase in quantity of precipitate during 
thermal cycling caused a decrease in the volume fraction 
transformed during cooling and heating. It was concluded that the 
presence of the intermetallic phase particles decreased the
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stability of the alloy characteristic temperatures.
After all second heat treatments the peaks were higher than 
those obtained on cycle 1 indicating precipitates produced on 
aging at 800°C were redissolved during the second heat 
treatment.
The effect of increasing the aging time was to lower the 
peak height indicating that increasing amounts of precipitates 
formed as aging progressed.
Austenite peaks (M->B2) showed a reduction in height and an 
increase in width with increasing times at 800°C presumably also 
the result of precipitation effects.
The value of AH decreased with cycling for both heating and 
cooling, but was higher after heat treatment at 500°C for 1 
minute, see Appendix 2. Table 9.
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7.4.2 Aaina at 800°C with all thermal cycles 
carried out in the DSC
(a) 2 hours at 800°C - Sample C17
The sample was aged for 2 hours at 800°C followed slow 
cooling and then thermally cycled 20 times in the DSC.
Martensite peaks (B2->M) became slightly lower and wider 
with cycling, tending to stabilize from cycle 11 when a 
premartensitic peak (B2->R) appeared.
Austenite peaks (M->B2) showed a very gradual increase in 
height and decrease in width with cycling, but this change was 
only very slight
The value of AH decreased with cycling for both heating and 
cooling, see Appendix 2, Table 10.
Results of this section of work agree with those reported in 
section 7.4.1 and may be explained on the same basis.
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(b) 36 hours at 800°C - Sample C18
The sample was aged for 36 hours at 800°C followed by slow 
cooling then thermally cycled 20 times in the DSC.
The martensitic peaks (B2->M) were initially low and broad. 
There was a very slight decrease in height and an increase in 
width with cycling with the introduction of a premartensitic peak 
(B2->R) on cycle 13.
Austenite peaks (M->B2) were also initially low and broad. A 
very slight and gradual increase in height and width was observed 
with increasing numbers of thermal cycles.
The value of AH decreased with cycling for both heating and 
cooling, see Appendix 2, Table 11.
These results indicate that for 36 hours aging time,
precipitation was substantially complete so that initial
transformation peaks were low and there was very little
reduction of height and width as a result of thermal cycling. This
interpretation is consistent with the work of Kwarciak et al. (70) 
who suggested that the decrease in transformation temperature 
was due to precipitation which caused an increase in the nickel 
content in the matrix (21), leading to a decrease in the Ms
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temperature (see phase diagram Appendix 1.). The increase in 
quantity of precipitate during thermal cycling caused a decrease 
in the volume fraction of matrix transforming during cooling and 
heating. It was concluded therefore that the presence of the 
particles of intermetallic phase increased the stability of the 
alloy and decreased the characteristic temperatures.
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7.4.3 Aaina at 850°C 
Samples D1-D13 (Fia. 451
Samples were aged at 850°C for 2 minutes to 48 hours, 
slow cooled then cycled 20 times by a combination of manual and 
DSC cycling followed by heat treatment at 500°C for 1 minute and 
then a further thermal cycle.
There was no evidence of premartensitic peaks in any of the 
samples up to the 20th cycle.
Martensitic peaks (B2->M) for all samples were lower and 
wider after aging and in samples aged over 1 hour the second heat 
treatment had little effect. The peak height decreased with 
increased aging time.
The austenite peaks (M->B2) were generally lower and 
wider with increasing aging times and there was little change in 
peak height after the 2nd heat treatment particularly for samples 
aged for longer than 1 hour. The peak height decreased with 
increased aging time.
The value of AH decreased with time for both heating and 
cooling but after the heat treatment at 500°C, the value of AH 
remained much the same as on cycle 1, see Appendix 2, Table 12.
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The results of this aging treatment indicate that samples 
were fully 'stabilized' due to precipitation effects so there was 
very little change due to thermal cycling.
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7.4.4 Aaina at 900°C 
Samples E1-E13 (Fig. 46)
Samples were aged at 900°C from 2 minutes to 20 hours  ̂
slow cooled then thermally cycled 20 times by a combination of 
manual and DSC cycling followed by heat treatment of 500°C for 1 
minute and then a further thermal cycle.
Martensite peaks (B2->M) were all lower and wider with 
increasing aging times. Recovery peaks were greater than cycle 1 
in all cases up to 8 hours aging time. The peak height decreased 
with increased aging time.
All austenite peaks (M->B2) were lower and wider with 
increasing aging times and all peaks after the 2nd heat treatment 
were slightly higher than those obtained on cycle 21 which 
indicates that the second heat treatment temperature of 500°C 
was not high enough to remove aging effects. The peak height 
decreased with increased aging time.
The value of AH decreased with time for both heating and 
cooling but after heat treatment at 500°C, the value of AH 
remained much the same as on cycle 1, see Appendix 2, Table 13.
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7.4.5 Long term aaina at 450°C
It has been reported (84,85,86,79) that thermal cycling 
effects include those effects due to the low temperature aging 
which influences the degree of order in addition to those effects 
due to the transformation per se. Consequently, the cycling 
dependence of Ms could be different even in alloys with similar 
composition and it was decided to age for a long period at 450°C 
to determine the effect, if any, on transformation characteristics.
Sample Ft
After the standard initial treatment of 5 minutes at 550°C 
the sample was aged for 504 hours at 450°C then thermally 
cycled 20 times in the DSC.
There was a gradual lowering and widening of the 
martensite peaks (B2->M) with cycling with a small 
premartensitic peak (B2->R) evident on the 17th cycle.
The austenite peaks (M->B2) showed a negligible change of 
shape and width with cycling.
The value of AH decreased with cycling for both heating and 
cooling curves, see Appendix 2, Table 14.
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The peak temperature and peak height decreased with aging
time.
This sample was probably fully aged as it has been noted 
earlier that NiTi alloys are usually aged at around 400°C to 
increase the critical stress for slip, and this aging is 
commercially called shape memory treatment (79). The increase 
of the critical stress for slip upon aging has been ascribed (79) to 
the formation of fine precipitates. By changing the aging 
condition, the amount of spontaneous shape change and its 
temperature range, which is characterized by the transformation 
temperatures of both the intermediate (R) and martensite phases, 
can be controlled.
As mentioned earlier (section 7.4.1), aging at 800°C also 
produces precipitates which can be partially dissolved at 500°C 
for 1 minute, which suggests that two different precipitates are 
formed. Unfortunately, the phase diagram (Appendix 1) is not 
helpful in elucidating this matter.
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Summary
1) For aging at 800°C it appeared that the longer the time at 
temperature the lower the height of the resultant martensite and 
austenite transformation peaks. The transformation peaks for 
sample C18 (36 hours at 800°C) were lower and wider than those 
of sample C17 (2 hours at 800°C) indicating a time dependent 
effect.
2) Samples treated at 800°C and above showed similar peak 
height and width and the value of AH for both martensite and 
austenite peaks which indicates that full precipitation had taken 
place.
3) Samples treated at 450°C showed a higher martensite 
peak temperature and height and AH initially but on the 20th cycle 
values were about the same as those obtained for samples treated 
at 800°C. Austenite peak temperatures and heights were lower 
initially, but on cycle 20 were about the same as samples treated
at 800°C.
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7.5. Effect of Cold Deformation and Various Heat 
Treatment Temperatures
Samples G1-G12 (Fig. 47-491
The aim of this section of work was to determine the effect 
of cold deformation on the transformation characteristics of 
thermally cycled samples. There was a noted variability of 
transformation characteristics between samples which may be 
attributed to differences in microstructure, level and distribution 
of defects and effects due to compositional heterogenieties 
between samples. It will be noted that Figures 47-49 show 
higher initial martensite peak (B2->M) temperatures than seen in 
other Figures. These samples were chosen because they indicated 
the extent of the effect of cold deformation on the transformation 
characteristics. All samples were initially given the standard 
treatment of 5 minutes at 550°C. Each sample was thermally 
cycled once between 200°C and -100°C, cold deformed using a 
drop hammer before thermal cycling once more, heat treated for 5 
minutes at temperatures ranging from 400°C to 850°C and then 
cycled once between 200°C and -100°C.
The level of deformation resulting from application of the
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drop hammer was estimated to be -30%. For lesser amounts of 
deformation (-2%), DSC has been utilized (69,71,75) to follow the 
thermal effects associated with stress-induced martensite 
formation in a NiTi alloy. In that work, two stages of 
parent-to-martensite transformation were noted (B2->R->M) from 
the distinct two-stage heat evolution observed on cooling, 
whereas a single calorimetric peak (M->B2) was observed on 
reheating. The two peaks were well separated in temperature and 
typical of both thermal and stress-induced transformations. The 
first peak was asymmetric and it had a broad shoulder, and was 
the premartensitic or R transformation. The second peak was 
more symmetric and originated in the martensitic transformation.
Results obtained in the present work agree substantially 
with those observations as it was found that the martensite 
peaks were flattened with cold deformation and became flatter 
with increasing amounts of deformation (multiple drops of the 
hammer). However, the martensite peaks were flattened to such 
an extent that in most cases it was difficult to clearly identify 
the double transformation peaks observed in the earlier work 
(69,71,75).
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A low curve with some double peaks (B2->R->M) was evident 
after the second heat treatment up to about 600°C for which 
complete recovery appeared to have taken place and peaks were 
higher or equal to those obtained after the initial standard heat 
treatment.
Austenite peaks (M->B2) were also flattened with cold 
deformation and became flatter with increasing amounts of 
deformation. Peaks were lower and wider than cycle 1 for all 
heat treatment temperatures up to 550°C. Above this 
temperature the austenite peaks were narrower and higher than 
those obtained after the original heat treatment and the material 
was concluded to be stress free. The lower temperature annealing 
treatments probably precipitated more nickel from the matrix, 
however, which resulted in significantly higher heating 
transformation temperatures.
Investigations (90) have shown that when samples are 
annealed at a temperature lower than the recrystallization 
temperature after cold working, transformation temperatures 
remain constant even after thermal cycling. It has been noted 
(60) that the extent of stresses present, significantly affect the
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temperature of start and finish of the transformation.
It has also been found (90) that by annealing cold worked 
specimens at 400°C, the high density of dislocations remained, 
since the annealing temperature was lower than the 
recrystallization temperature, reported to be 500°C to 660°C (75) 
for cold worked material. It was concluded that the dislocations, 
once stabilized by intermediate annealing, also suppressed the 
effect of thermal cycling. The degree of change in Ms decreases 
with increasing pre-strain indicating that the effect of thermal 
cycling is also suppressed by work hardening. In cases where 
pre-strain is small, new dislocations may be induced and/or the 
existing dislocations may be rearranged by thermal cycling. 
Either effect will lead to a change in the internal stress field, 
resulting in a change in Ms. In a strongly work hardened state, it 
is to be expected that dislocation movement will be restricted 
during thermal cycling, and thus Ms will be insensitive to the 
cycling.
Results obtained agree with other workers (60) who showed 
that the calorimetry curves from the heating of stressed Nitinol 
specimens showed a corresponding narrowing of the total
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temperature transformation range. This was attributed to the net 
reduction of strains resulting from the increased time and/or 
temperature of the different annealing treatments.
Annealing at 600°C caused reduction of stresses due to 
deformation thus lowering the transition start temperature. 
There was no indication of the presence of R structure in any of 
the DSC results. The value of AH drastically decreased with cold 
deformation. After the second heat treatment AH increased with 
increasing heat treatment temperature but at temperatures below 
500°C, AH was much lower than on cycle 1. At all heat treatment 
temperatures AH was lower after second heat treatment 
temperature than after cycle 1, see Appendix*!. Table 15.
Results obtained in this section of work agree with Todoroki 
and Tamura (75,76) who concluded that three kinds of 
transformations take place depending on the heat treatment 
temperature after cold work.
1. At low heat treatment temperatures; (<470°C) B2->R->M 
during cooling and M->R->B2 during heating
2. At intermediate heat treatment temperatures; (550°C) 
B2->R->M during cooling and M->B2 during heating. Only the
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forward (R-phase) transformation was observed.
3. At high heat treatment temperatures; (660°C) B2->M 
during cooling and M->B2 during heating.
Summary
1) Cold work lowered the transformation peak temperatures, 
peak heights and AH.
2) The greater the amount of cold deformation the lower 
were the resultant peak temperature, peak height and AH.
3) A low curve with some double peaks (B2->R->M) was 
evident after the second heat treatment up to about 600°C for 
which complete recovery appeared to have taken place and peaks 
were higher or equal to those obtained after the initial standard 
heat treatment.
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8. CONCLUSIONS
DSC investigations of the influence of thermal cycling, aging 
and cold deformation on the transformation characteristics of a 
NiTi alloy after transformation cycling have shown the following.
1. Subsequent to the standard initial heat treatment of 5 minutes 
at 550°C, increasing the number of thermal cycles 
(200°C<=>-100°C) had the following effects:
(i) the temperature and height of the martensite peak (B2->M) 
were reduced and
(ii) a two step premartensitic transformation of B2(austenite) 
->R(premartensitic) ->martensite (M), appeared evidently always 
at the same temperature, and was indicated by a small extra peak 
adjoining the martensite transformation peak. The reduction of the 
martensite peak temperatures and widening of the transformation 
temperature range to reveal the premartensitic transformation 
peak suggests that thermal cycling introduced dislocations into 
the structure of the material. As little change in peak 
characteristics was noted after ~15 cycles it appears that a 
saturation of these structural defects is reached producing a 
"stabilization" effect for which transformation parameters
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remain virtually constant during continued transformation 
cycling.
The value of AH was not affected by cycling. These results agree 
with Airoldi (78) who stated that AH did not appear to change 
with cycling for both heating and cooling, but seemed to be 
related to both the chemical composition of the alloy and to the 
stabilization cycles or thermal treatment undergone by the 
specific alloy.
2. The treatment temperature that was necessary to restore the 
transformation characteristics of a cycled sample to those 
similar to the sample following the standard treatment of 5 
minutes at 550°C was found to be at least 500°C for 1 minute.
3. The use of D.S.C. cycling on the one hand (200<=>-100°C) at 
the rate of 10°C/minute, and manual cycling (100°C<=>-100°C) at 
a similar rate, on the other, gave similar results indicating that 
the transformation temperatures for the alloy were fully covered 
in both treatments. Transformation peak temperatures for the 
martensite (B2->M) were found to be between ~32°C for the 
material which had undergone the standard initial treatment of 
550°C for 5 minutes, and ~24°C after transformation cycling
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(when the transformation characteristics had "stabilized"). The 
corresponding peak temperatures for the austenite (M->B2) were 
found to be between ~62°C and ~55°C. It has been observed (70) 
that increases in the rate of cooling or heating causes a shift of 
temperatures towards higher values. Hence it is important to 
consider the rate of temperature change used during 
measurements. Similar transformation characteristics were 
observed when a combination of DSC and manual cycling was used, 
so it was concluded that a similar rate of cycling was achieved 
using a combination of both methods. This result enabled samples 
to be cycled many times in a shorter time than that required for 
D.S.C. cycling alone.
4. Isothermal treatments carried out between 250-450°C 
indicated that heating to at least 400°C for 1 minute was 
required to restore peak temperatures similar to those obtained 
after the initial isothermal treatment. This tends to indicate
that low temperature aging effects occurred during isothermal 
treatment and that at temperatures less than 400°C structural 
defects due to thermal cycling and precipitates as a result of 
aging during isothermal treatment were not removed. _
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- - At 450°C, peak temperatures were higher than
those obtained on cycle 1. which indicates that the matrix 
composition was similar to that of solution treated samples and 
dissolution of precipitates due to low temperature aging and 
thermal cycling had probably taken place. Thus the lower the heat 
treatment temperature, the lower was the resultant
transformation peak temperature and the peak height.
5. For the samples aged at 800°C it appeared that the shorter the 
time at temperature the lower were the transformation peaks. 
Samples treated at 800°C and above showed similar peak 
temperature, width and value of AH for both martensite and 
austenite peaks. After all second heat treatments at 500°C 
following thermal cycling, the transformation peak temperatures 
were higher than those obtained after the standard initial 
treatment indicating that precipitates produced as a result of 
aging were dissolved during the second heat treatment. It has 
been noted (70) that aging below the recrystallisation 
temperature (500°C to 660°C for cold worked material (75) ), 
causes precipitation which in turn causes an increase in the Ni 
content in the matrix leading to a decrease in Ms temperatures.
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6. Samples treated at 450°C showed a higher martensite peak 
temperature, height and AH initially but on the 20th cycle, the 
values were about the same as those obtained for samples treated 
at 800°C before they had been cycled. Austenite peak temperature 
and height were lower initially but on cycle 20 were about the 
same as for samples treated at 800°C before they were cycled. 
The transformation characteristics of the sample aged at 450°C 
were probably 'stabilised' as a result of precipitation as it has 
been noted earlier (79) that NiTi alloys are usually aged at around 
400°C to increase the critical stress for slip. The reason for the 
increase of the critical stress for slip upon aging is probably due 
to the presence of fine precipitates (79). As has been noted 
earlier (70), aging at temperatures less than the recrystallisation 
temperature (500°C to 660°C for cold worked material (75) ), 
causes precipitation which in turn causes an increase in the Ni 
content in the matrix leading to a decrease in Ms temperatures.
i
The results of low and high temperature aging indicate that two 
different precipitates are produced but the reason for this is not 
clear from the phase diagram.
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7. Cold work lowers the transformation peak temperatures, 
height and AH. The greater the amount of cold deformation (30% 
reduction used in this work as compared to ~2% in other work 
(69,71,75) ), the lower the peak temperature, height and AH. 
Second heat treatments above 600°C restored original 
transformation temperatures but at lower temperatures 
transformation peaks appeared to be somewhat lower than those 
attained after the initial heat treatment. Low transformation 
peaks and some double peaks were evident after the second heat 
treatment up to about 600°C when complete restoration of 
transformation characteristics appeared to have taken place and 
tranformation peaks were higher or equal to those obtained after 
the original heat treatment.
The lower temperature annealing treatments probably resulted in
the precipitation of more nickel in the form of Ti2Ni from the
matrix which probably caused an increase in the Ni content of the 
matrix leading to lower transformation temperatures. Results 
obtained in this section of work agree with the work of Todoroki
and Tamura (75,76).
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APPENDIX 2.
This section contains Tables 3 to 17 which list all the 
results obtained by using DSC for thermal cycling experiments. 
These Tables are:
Effect of second heat treatment temperature after 
thermal cycling.
Effect of thermal cycling on peaks.
Effect of combination of manual cycles (100 <=> 
-100°C) and DSC cycles ( 200 <=> -100°C). 
Isothermal treatment at 250°C.
Isothermal treatment at 300°C.
Isothermal treatment at 350°C.
Isothermal treatment at 400°C.
Isothermal treatment at 450°C.
Ageing AT 800°C.
Table 10. - Effect of all cycles in DSC. Sample aged 2hours at 
800°C.
Table 11. - Effect of all cycles in DSC. Sample aged 36 hours
Table 1. -
Table 2. -
Table 3. -
Table 4. -
Table 5. -
Table 6. -
Table 7. -
Table 8. -
Table 9.
at 800°C.
Table 12. - Ageing at 850°C.
Table 13. - Ageing at 900°C.
Table 14. - Long term ageing at 450°C.
Table 15.- Effect of cold deformation and various heat
treatments.
Table 1
1. Effect of second heat treatment temperature after 
thermal cycling
All samples had an initial heat treatment of 550°C/5mins. 
All samples cycled 20 times before second heat treatment.
Martensite peak
sample 2nd H.T peak temp.°C
°_C a b c
1 . 300/1 min. 3 2 .6 -> 2 3 .2  3 0 .7
2 . 310/1 min. 3 2 .3 -> 2 4 .7  28 .4
3. 325/1 min. 2 8 .3 -> 2 0 .0  29 .3
4 . 350/1 m in. 2 8 .9 -> 2 3 .8  34.5
5. 400/1 min. 3 0 .6 -> 2 3 .9  3 8 .2
6. 450/1 min. 3 2 .3 -> 2 6 .1 40.0
7. 500/1 min. 3 9 .6 -> 2 7 .2  3 7 .3
8a. 550/1 m in. 2 6 .2 -> 2 3 .5  36.9
8b. 550/1 min. 3 3 .5 -> 2 6 .6  40.5
9a. 550/5min. 3 2 .0 -> 2 5 .1 35 .4
9b. 550/5min. 3 1 ,8 -> 2 5 .7  38 .4
heiaht mm A H -J /O ,*
a b C a b C
28.0->19.0 26.0 28.5->26.7 27.8
LOibCOAiLOCMLO 44.0 29.6->27.4 29.3qcbCOAlqÒ 46.0
q00CMALO00CM 30.9OÖCOAqCOCO 45.0 29.1->29.1 30.3
tn ro q V CO 00 on 63.5 28.4->29.1 31.4
cn cn l V Ò 71.0 q
00CMAq00CM 34.3
95.0->42.0 126.0 32.3->29.3 32.3
28.5->29.0 134.0 24.2->25.2 30.0
48.5->34.0 114.0 26.9->25.5 29.9
-fi. cn q V CO ro b 152.5 25.3->25.2 29.8qcbCOAqLO 137.0
COCMAr̂.■M­
CM 30.0
Austenite peak
sample 2nd H.T peak temp.°C heiaht mm AH J/a
°C a b c a b c a b C
1 . 300/1 min. 6 4 .5 -> 5 8 .2  6 1 .7 2 9 .5 -> 3 0 .0  25 .0 3 1 .2 -> 3 1 .9 33.0
2 . 310/1 min. 6 3 .3 -> 5 9 .2  6 1 .6 4 7 .0 -> 4 8 .0  46.0 3 5 .6 -> 3 1 .0 3 4 .4
3. 325/1 min. 6 2 .6 -> 6 2 .1 66.0 4 5 .0 -> 4 7 .0  43 .5 3 2 .0 -> 3 1 .5 33.6
4. 350/1 min. 6 1 .4 -> 5 8 .0  64.5 3 8 .5 -> 4 3 .0  36.5 3 0 .7 -> 3 1 .6 3 3 .4
5. 400/1 min. 6 2 .7 -> 5 8 .8  6 7 .6 4 9 .0 -> 5 1 .0 4 7 .0 3 1 .2 -> 2 9 .7 3 4 .2
6. 450/1 min. 6 4 .0 -> 5 9 .3  68.9 4 7 .5 -> 5 2 .0  5 2.0 3 1 .2 -> 3 0 .2 3 5 .2
7 . 500/1 min. 6 7 .4 -> 5 7 .6  6 7 .4 5 5.0 -> 5 5 .5  59.0 3 4 .0 -> 3 0 .7 33.3
8a. 550/1 min. 5 7.3 -> 5 6 .0  69.2 4 0 .0 -> 4 7 .0  5 4.0 23 .8 -> 2 5 .6 30.9
8b. 550/1 min. 6 2 .7 -> 5 8 .0  69.9 4 1.0 -> 4 6 .5  5 4.0 2 9 .5 -> 2 7.6 2 9 .7
9a. 550/5min. 6 1 .5 -> 5 8 .0  69.9 4 0 .5 -> 4 6 .0  60.5 2 6 .8 -> 2 7.6 30.9
9b. 550/5min. 6 1 .7 -> 5 8 .3  7 0 .3 4 0 .0 -> 4 4 .0  5 7.5 2 6 .6 -> 2 7.9 3 1 .1
note: numbers in columns indicate
a. cycle 1 ->  b. cycle 20  c .1st. cycle after 2nd. heat treatm ent.
*v a iu e s  of A H  relating to the experim ental results are given in joules/gram .
2. Effect of thermal cycling
Table 2.
2.1 Effect of thermal cycling on peaks
All cycles carried out in DSC - effect of 2nd. heat treatment 
after cycling .
Initial heat treatment 550°C/5min. + 10 cycles DSC + 
550°C/5min. + 1 cycle DSC.
Martensite peak 
sample
2.1
2.2
peak temp.°C 
a b c
32.2->24.4 37.5
33.1->25.6 40.0
height mm 
a b c
49.0- >35.0 60.0
50.0- >36.0 163.0
AH J/q 
a b c
26.1->26.0 29.5 
25.5->24.8 29.0
Austenite peak 
sample
2.1
2.2
peak temp.°C 
a b e
62.3->57.7 66.9
62.1->57.6 69.7
height mm 
a b c
40.5->48.0 46.0
41.0->48.0 63.0
AH J/q 
a b c
28.1- >26.2 29.5
26.1- >25.1 29.1
note: numbers in columns indicate
a. cycle 1 -> b. cycle 10 c.1st. cycle after 2nd. heat treatment.
Table 3.
2.2 Effect of combination of manual cycles (100 <=> 
-100°C) and DSC cycles ( 200 <=> -100°C1
Martensite peaks
sample cycles peak temp.°C heiaht mm AH J/c
D S C  m anual total a b c a b c a b c
2 .3 1 2  9 21 2 9 .2 -> 2 2 .2  2 1 .4 39 .0 -> 3 0 .0  29 .0 2 6 .2 -> 2 4 .9  2 4 .9
2 .4 4  16 20 3 1 .7 -> 2 5 .2  2 3 .4 4 6 .5 -> 3 3 .5  3 1 .5 2 6 .7 -> 2 5 .9  2 4 .7
2 .5 21 - 21 3 1 .8 -> 2 4 .1  2 1 .8 4 4 .0 -> 3 4 .5  32.0 2 7 .4 -> 2 5 .6  2 4 .9
2 .6 20 - 20 3 1 .6 -> 2 5 .1  2 2 .7 4 3 .0 -> 3 1 .0 29 .0 2 5 .0 -> 2 4 .5  2 4 .3
Austenite ceaks
sámele cycles peak temp.°C heiaht mm AH J/a
D S C  m anual total a b c a b c a b c
2 .3 1 2  9 21 6 2 .6 -> 5 9 .3  5 8.2 39 .0 -> 4 3 .0  45.0 2 6 .3 -> 2 5 .4  25 .5
2 .4 4 16 20 6 2 .8 -> 6 0 .0  59.0 4 0 .0 -> 4 2 .0  4 2 .5 2 8 .7-> 2 6 .3  2 5 .7
2 .5 21 - 21 6 2 .7 -> 5 8 .8  5 7 .8 4 2 .0 -> 4 8 .0  49.5 2 7 .1 -> 2 5 .9  25 .6
2 .6 20 - 20 6 1 .6 -> 5 7 .6  56.6 3 8 .0 -> 4 3 .0  43 .5 2 8 .3 -> 2 5 .4  26 .0
note: numbers in columns indicate 
a. cycle 1 -> b. cycle 10 c. cycle 20(21).
3. Isothermal treatments
Isothermal treatments carried out at 250-450°C in DSC. 
Standard procedure: initial isothermal treatment + 20 cycles + 
second isothermal treatment + 1 cycle.
Table 4.
3.1 Isothermal treatment at 250°C
Martensite peak
sample time peak temp.°C height mm AH J/g
a  b C a  b C a  b C
B1 30secs 31.3->24.7 27.9 57.5->35.5 40.0 29.6->27.3 28.4
B2 1 min
oCT>C\JACMCOCO 29.1 52.0->37.0 37.5 30.9->29.9 29.6
B3 2 min 38.9->27.9 30.4
oÖ■M"AÒeriLO 44.0 CO o 00 1 V ro 00 00 30.4
B4 4 min 40.4->29.2 32.3
ocoAócoIO 41.0 31.2->29.6 30.2
B5 6 min 35.0->25.8 29.6 51.5->34.0 40.5 29.9->29.9 29.3
B6 8 min 33.7->26.1 30.2 42.0->28.5 33.0
coooCMAcocdco 28.5
B7 10 min
inC\JAuSc\iCO 28.8 49.0->36.0 41.0 29.7->28.5 28.8
B8 15 min 38.7->29.6 31.9
o■M­A1q
LOco 50.0 31.7->29.5 30.2
B9 20 min
COCMACOCOCO 29.7 50.0->33.5 40.5 30.1->28.9 29.3
B10 30 min
CO"'tCOACO'M' 38.4 46.0->28.5 33.0 28.8->27.4 27.3
B11 40 min
COCMCOACDO)CO 37.6
LOÖcoAócoco 37.0 28.2->26.5 27.2
B12 50 min 47.3->37.6 41.0 58.5->40.0 48.0 30.1->27.7 28.4
Austenite peak
sample time peak temp.°C
a b C
B1 30 sec 6 0 .5 -> 5 6 .8 58.3
B 2 1 min 6 4 .7-> 6 0 .1 60.5
B3 2 min 6 4 .6 -> 5 7.8 59.1
B 4 4 min 66 .6 -> 6 0 .5 6 1.8
B5 6 min 6 1 .1 -> 5 6 .4 58.2
B6 8 min 6 1 .7 -> 5 6 .2 58.0
B 7 10 min
coLOACOdco 58.5
B8 15 min 6 4 .4 -> 5 8 .0 59.4
B9 20 min 6 1 .2 -> 5 6 .8 59.1
B 1 0 30 min 6 9 .6 -> 6 4 .4 66.4
B 1 1 40 min 6 5 .5 -> 6 1.3 63.4
B 1 2 50 min 7 2 .2 -> 6 6 .0 68.1
height mm AH J/g
a  b c a  b C
ocoAÓLO■M- 42.0 31.5->29.6 29.7
49.0->53.5 51.5 33.5->31.8 31.7
47.0->56.0 54.0 32.8->31.3 31.6
46.5->50.5 48.0 34.2->31.1 31.3
43.0->49.0 46.0 32.1->29.7 30.3
CO q V CO co d 36.0 30.8->31.0 33.7
LOLOAÒCO 50.0 31.0->29.7 30.8
49.5->57.0 53.0 32.8->31.1 30.8
43.0->47.0 42.5 32.5->30.6 30.8
co cn cn V 4̂ 4^ d 39.0 32.2->29.4 29.5
38.0->45.0 41.0 30.9->27.5 29.2
odLOAò 47.0 31 .6->29.2 30.2
note: numbers in columns indicate
a. cycle 1 -> b. cycle 2 c. 1st. cycle after 2nd. heat treatment.
Table 5
3.2 Isothermal treatment at 3QQ°C
time 30 seconds to 45 minutes
Martensite peak
sample time peak temp.°C height mm AH J/a
a  b C a  b c a  b ‘ C
B 1 3 30 secs COc\iCOA1
CMT“ 39.0 5 1 .0 ->35 .0 46.0 2 8 .2 -> 2 6 .9 2 7 .4
B 1 4 1 min 4 0 .9 -> 3 1.5 3 8 .7
qCOAÓCD'fr 4 2 .0
CDCDC\JA)
O)in:
CM 2 7 .7
B 1 5 2 min 4 9 .0 -> 3 6 .5 4 1 .8 CD In V CO cn Ó 4 4 .0
OCOCMAqoCO 2 8 .7
B 1 6 4 min CDCOCOA
coevi■'fr 40.0 5 5 .0 -> 3 7.5 50.5
LOCDCMACOCOCM 2 7 .6
B 1 7 6 min 4 7 .2 - > 3 6 .7 43 .0
qCDCOA1oNfr
ID 46.0 2 9 .6 -> 2 7 .5 2 8 .5
B 1 8 8 min
CDCOAiCO 43 .0 5 9.5 -> 38 .5 49.0 2 9 .6 -> 2 8 .1 2 9 .0
B 1 9 15 min 4 3 .0 -> 3 2 .5 39.9 5 3 .0 -> 3 4 .5 4 7 .0 2 8 .8 -> 2 7 .4 2 8 .2
B 20 20 min
toCOCOA(c\iCO■'fr 4 1 .0
oIDCOAÒLOLO 49.0
00CDCMACO00CM 2 8 .0
B21 30 min 4 7 .0 -> 3 7 .5 43 .9 cn o cn V CO cn Ò 46.0 2 9 .8 -> 2 7 .7 29 .0
B 2 2 45 min 4 4 .2 -> 3 4 .5 4 2 .0
oCOCOAqCOLO 50.0 2 8 .5 -> 2 6 .7 2 7 .7
Austenite peak
sample time peak temp.°C height mm AH J/g
a  b C a  b C a  b C
B 1 3 30 sec 6 7 .2 -> 6 2 .0 65.2 4 3 .0 -> 4 8 .5 43 .0 2 9 .9 -> 2 8 .1 29 .3
B 1 4 1 min 6 5 .3 -> 6 2 .1 64.3 4 2 .0 -> 4 7.5 4 2 .5 2 9 .1 -> 2 7 .5 2 9 .4
B 1 5 2 min 7 2 .4 -> 6 5 .3 68.4 3 9 .0 -> 4 3 .0 39.0 3 1 .9 -> 2 9 .0 29 .9
B 1 6 4 min 6 8 .2 -> 6 2 .1 66.2 4 4 .5 -> 5 0 .0 4 4 .0 2 9 .3 -> 2 7 .4 2 8 .7
B 1 7 6 min 7 1 .1 - > 6 6 .0 69.1 4 6 .0 -> 5 4 .0 48 .0 3 0 .7 -> 2 8 .6 2 9 .6
B 1 8 8 min 7 1 .2 -> 6 6 .1 69.2 4 8 .0 -> 5 3 .0 48.0 3 0 .3 -> 2 8 .7 30 .0
B 1 9 15 min 6 7 .4 -> 6 3 .2 6 7 .4 4 2 .5 -> 4 8 .0 40.5 2 9 .3 -> 2 8 .2 2 9 .4
B20 20 min 6 8 .3 -> 6 2 .1 66.3 4 4 .0 -> 5 0 .5 43.0 2 9 .5 -> 2 7 .4 29 .1
B21 30 min 73 .5 -> 6 5 .3 69.5 3 9 .0 -> 4 3 .0 39.0 3 1 .4 -> 2 8 .8 3 0 .4
B 2 2 45 min 6 7 .2 -> 6 2 .1 66.3 46 .0 -> 5 4 .0 46.5 2 9 .5 -> 2 7 .1 2 8 .9
note: numbers in columns indicate
a. cycle 1 -> b. cycle 2 c. 1st. cycle after 2nd. heat treatment.
Table 6
3.3 Isothermal treatment at 350°C
time 30 seconds to 8 minutes
Martensite peak
sample time peak temo.°C height mm AH J/g
a b c a b  C a b C
B23 30 sec 3 6 .9 -> 2 7 .2  36 .2 6 0 .0 -> 4 0 .0  56.0 30 .5 -> 28 .9 30.6
B 2 4 1 min 3 7 .1 - > 2 6 .7  36.3 6 1 .5 -> 3 9 .0  56.0 3 0 .6 -> 29 .0 3 1 .0
B25 2 min 3 9 .9 -> 2 7 .7  35.6 6 6 .0 -> 4 2 .5  5 7 .0 3 3 .1-> 3 0 .1 3 2 .0
B26 4 min 3 7 .1 -> 2 6 .0  36.3 5 4 .0 -> 3 5 .0  5 1 .0 3 0 .4 -> 2 8 .1 30.6
B 2 7 6 min 4 1 .3 -> 2 8 .2  3 7 .3 6 2 .0 -> 4 0 .0  56.5 3 2 .5 -> 2 9 .0 30.9
B28 8 min 4 3 .9 -> 3 2 .6  43.9 4 8 .5 -> 3 4 .0  4 7 .0 2 8 .7-> 2 6 .9 29 .1
Austenite oeak
sample time peak temp.°C height mm AH J/g
a b c a b c a b C
B23 30 sec 6 2 .6 -> 5 7 .0  6 2 .2 4 7.0 -> 5 6 .0  4 7 .0 3 2 .8 -> 3 1.1 3 3 .2
B 2 4 1 min 6 1 ,4 -> 5 6 .9  6 2 .2 4 8 .0 -> 5 7 .5  4 7 .0
CDÖCOACDCOCO 34 .0
B25 2 min 6 6 .3 -> 5 7.9  63.5 4 8 .0 -> 5 2 .5  4 4 .0
c\iCOACVjCO 33.5
B26 4 min 6 2 .7 -> 5 7 .3  6 2 .7 4 3 .0 -> 5 2 .0  43 .0 CO CD V co p Ö 32 .0
B 2 7 6 min 6 6 .1 -> 5 7 .6  63.5 4 6 .0 -> 5 1.0  43 .0 3 4 .4 -> 3 1.3 33.8
B28 8 min 6 7 .3 -> 6 2 .9  6 7 .2 4 5 .0 -> 5 8 .0  4 7 .0 3 0 .2 -> 2 7 .2 29.8
note: numbers in columns indicate
a. cycle 1 -> b. cycle 2 c. 1st. cycle after 2nd. heat treatment.
Table 7.
3.4 Isothermal treatment at 40Q°C
time 30 seconds to 4 minutes
Martensite peak
sample time peak temp.°Q
a  b C
B29 30 sec 4 9 .3 -> 3 7 .7 49.3
B30 1 min 4 7 .4 -> 3 5 .7 -
B31 2 min 4 6 .8 -> 3 4 .9 4 1 .2
B32 4 min 4 5 .6 -> 3 6 .5 46.6
Austenite peak 
sample time
B29 30 sec
B30 1 min
B31 2 min
B 3 2 4 min
peak temp.°C 
a b c
7 3 .2 -  > 6 7 .0  7 2 .2
7 1 .2 - > 6 4 .0  7 1 .3  
7 0 .9 -> 6 4 .7  69.1
70 .0 -> 6 3 .8  7 0 .1
height mm 
a b c
5 8 .0 - > 3 7 .5  60.0
6 5 .0 - > 4 1 .5  -
7 4 .0 -  > 45.0  56.0
6 7 .0 - > 4 2 .5  6 7 .0
height mm
a  b C
47.0->53.0 46.5
49.0->54.0 45.0oCMCOAÓlo 53.0oCMCOAÓLO 51.0
note: numbers in columns indicate
a. cycle 1 -> b. cycle 2 c. 1st. cycle after 2nd.
AH J/g 
a b e
3 0 .0 -> 2 7.5  29 .9  
2 9 .5 -> 2 7.0 ^  - 
2 9 .9 -> 2 7 .6  2 7 .7
2 9 .3 -> 2 7 .1  2 9 .3
AH J/g 
a b e
3 0 .7 -  > 28 .3  3 0 .7  
3 0 .6 -> 2 7.5  29 .6
3 0 .8 - > 2 8 .5  2 8 .7  
3 0 .5 -> 2 8 .2  3 0 .2
heat treatment.
Table 8.
3.5 Isothermal treatment at 45Q°C
time 30 seconds to 1 minute
Martensite oeak
sample time oeak temp.°0 
a b c
B33 30 sec 
B3 4 1 min
4 8 .4 -> 3 5 .6  4 8 .4  
4 8 .6 -> 3 5 .7  4 9 .2
Austenite oeak
samole time oeak temp.°C 
a b c
B33 30 sec 
B 3 4  1 min
7 1 . 1 -  > 6 2 .9  7 1 .1
7 2 .1 -  > 6 2 .9  7 2 .1
height mm AH J/g
a  b C a  b C
CD o V p Ö 62.5 29.6->27.5 ‘29.8
67.0->41.0 74.0 30.4->27.1 29.9
height mm AH J/g
a b C a b e
p In V cn cn cn 50 .0 31 .3 -> 2 8 .3  31 .0
50 .5-> 54 .5 49 .5 31 .7 -> 2 8 .6  31 .5
note: numbers in columns indicate
a. cycle 1 -> b. cycle 2 c. 1st. cycle after 2nd. heat treatment.
4. Aging
Table 9.
4.1 Aaina at 8Q0°C
2 minutes -> 96 hours
all samples: 2 cycles DSC + 17 cycles manual + 1 cycle DSC + 
500°C/1 minute + 1 cycle DSC.
Martensite peak *
sample time oeak temo.°C heiaht mm AH J/a
a b c a b c a b e
C 1 2 min. 4 0 .0 -> 2 7 .8  39.8 5 6 .0 -> 3 4 .5  10 2 .0 3 3 .0 -> 2 7 .9  3 3 .2
C 1 A H 4 0 .1 -> 3 0 .0  4 2 .2 7 1 ,0 -> 4 7 .0  1 7 5 .0 3 6 .7 -> 3 0 .9  3 4 .5
C 2 5 min. 3 3 .4 -> 2 8 .4  38 .8 4 7 .0 -> 3 7 .0  1 1 2 .0 3 2 .1 - > 2 8 .7  33 .3
C 3 10  min. 3 9 .4 -> 2 8 .4  4 0 .0 6 3 .0 -> 4 3 .5  13 3 .5 3 2 .9 -> 3 0 .2  3 3 .2
C 4 30 min. 4 3 .0 -> 3 0 .7  4 2 .9 6 5 .0 -> 4 4 .0  18 0 .0 3 2 .5 -> 2 9 .0  33 .5
C 5 60 min. 4 1 ,0 -> 2 7 .8  4 2 .0 6 5 .0 -> 4 1 .0 86.0 3 2 .4 -> 2 8 .4  3 2 .0
C 6 2 hrs. 3 8 .0 -> 2 6 .3  3 7 .8 7 0 .0 -> 5 1 .0  69.5 2 9 .9 -> 2 7 .8  2 7 .5
C 6 A M 4 0 .1 -> 2 9 .3  4 0 .6 5 8 .5 -> 4 1.0  1 4 3 .0 3 1 .0 -> 2 8 .3  3 2 .0
07 4 hrs. 3 7 .9 -> 2 6 .2  3 2 .9 5 9 .0 -> 3 9 .5  1 5 7 .0 2 8 .9 -> 2 7 .0  2 9 .7
C 7 A H 4 0 .2 -> 2 9 .2  4 0 .7 5 0.0 -> 3 5 .0  16 4 .0 2 8 .7 -> 2 4 .1  2 5 .4
C 8 6 hrs. 3 8 .9 -> 2 7 .6  3 7 .4 6 3 .5 -> 4 1 .0 1 5 1 .0 2 7 .9 -> 2 5 .9  2 7 .3
C 8 A H 3 8 .0 -> 2 6 .9  3 4 .7 69 .0 -> 53 .0  13 4 .0 2 3 .9 -> 2 6 .7  2 8 .2
C 9 8 hrs. 4 0 .2 -> 2 7 .9  34 .6 5 1 .5 -> 3 3 .0  1 7 1 .0 2 5 .5 -> 2 3 .4  2 5 .7
C 9 A H 3 8 .6 -> 2 4 .7  35.3 4 2 .0 -> 2 2 .0  1 2 1 .0 2 3 .3 -> 2 1 .4  2 4 .3
C 1 0 13  hrs. 3 8 .6 -> 2 8 .6  4 2 .3 6 0 .0 -> 4 0 .0  65.0 3 2 .7 -> 2 8 .9  3 3 .3
C 1 1 1 7  hrs. 4 0 .2 -> 2 7 .8  4 2 .8 5 2 .0 -> 3 2 .0  55.5 2 4 .9 -> 2 2 .3  2 5 .7
C 1 2 26 hrs. 3 9 .0 -> 2 6 .0  4 1 .2 4 3 .0 -> 2 8 .0  4 5 .0 2 4 .7 -> 2 2 .1  2 5 .3
C 1 3 36 hrs. 3 8 .4 -> 2 6 .6  4 1 .0 3 9 .0 -> 2 7.0  4 1 .0 2 8 .4 -> 2 5 .3  2 7 .8
C 1 4 48 hrs. 3 7 .9 -> 2 6 .5  3 5 .4 2 7 .5 -> 2 0 .0  8 7 .5 2 3 .2 -> 2 1 .9 2 6 .2
C 1 5 7 2  hrs. 3 7 .5 -> 2 5 .4  3 7 .0 1 6 .0 -> 10 .5  4 1 .5 9 .9 -> 1 2 .2  15 .5
C 1 6 96 hrs. 3 9 .2 -> 2 6 .5  40.9 33 .0 -> 26 .0  39.0 2 0 .8 -> 2 4 .2  2 7 .1
note: numbers in columns indicate
a. cycle 1 -> b. cycle 2 c. 1 st. cycle after 2nd. heat treatment.
Table 9. continued
Austenite oeak 
samóle time oeak temp.°C 
a b c
heiaht mm 
a b c
AH J/d 
a b e
C 1 2 min. 6 6 .9 -> 5 7 .7 68.8 4 2 .0 -> 4 2 .0 5 1 .0 3 3 .5 -> 3 0 .4 33 .5
C 1 A f 7 0 .1 -> 5 9 .4 7 3 .2 5 7.5 -> 5 3 .5 5 7.0 3 6 .4 -> 3 2 .5 3 4 .6
C 2 5 min. 6 7 .3 -> 5 7 .5 6 7 .9
intj-1ioCOCO 48 .5 3 2 .7 -> 3 0 ,9 3 3 .2
C 3 10min. 6 7 .2 -> 5 8 .3 68.6 5 0 .5 -> 5 1.0 60.0 3 3 .1 -> 3 0 .8 3 3 .4
C 4 30 min. 6 8 .2-> 5 9 .1 7 5 .0 5 0.0 -> 50 .0 56.5 3 4 .0 -> 3 1 .1 -
C 5 60 min. 6 6 .5 -> 5 8 .4 69.0 5 1.0 -> 4 9 .0 5 4.0 3 1 .8 -> 3 1 .1 3 4 .8
C 6 2 hrs. 6 9 .7-> 5 9 .8 68.1 6 2 .0 -> 60.5 5 7.0 3 1 .9 -> 2 9 .1 3 2 .4
C 6 A H 70 .6 -> 6 2 .6 73 .3 4 6 .0 -> 4 7.5 5 2.0 3 1 .3 -> 2 8 .7 33 .0
C 7 4 hrs. 6 7.6 -> 5 8 .5 70 .1 4̂ CO o V 4̂ 4̂ b 56.0 2 9 .2 -> 2 7 .3 3 0 .2
C 7 A If 7 1 .2 -> 6 0 .6 7 4 .0 4 0 .0 -> 3 9 .5 45 .0 2 9 .3 -> 2 4 .9 2 5 .3
C 8 6 hrs. 6 8 .7-> 5 9 .3 70 .0 5 1.0 -> 5 0 .5 60.0 2 9 .0 -> 2 7 .1 25 .8
C 8 A H 6 6 .2 -> 5 9 .9 70 .1 5 0.0 -> 58 .5 6 1 .0 2 5 .5 -> 2 8 .1 3 0 .7
C 9 8 hrs. 6 8 .5 -> 5 8 .7 69.3 4 1 .0 -> 4 1 .0 56.5 2 6 .8 -> 2 4 .4 23 .0
C 9 A H 6 9 .4 -> 5 7 .7 70 .3 34 .5 -> 3 3 .5 43 .5 2 5 .0 -> 2 2 .5 29 .1
C 1 0 13 hrs. 6 7 .2 -> 5 8 .4 6 7.8
qCOAqcn 53.0 3 4 .5 -> 3 0 .1 3 3 .4
C 1 1 1 7 hrs. 6 8 .1 -> 5 7 .8 68.8 4 2 .0 -> 4 0 .0 4 5 .0 2 7 .2 -> 2 6 .5 3 1 .6
C 1 2 26 hrs. 6 7 .1 -> 5 9 .0 6 9 .7 3 2 .5 -> 3 2 .0 35 .5 2 6 .2 -> 2 4 .8 2 6 .7
C 1 3 36 hrs. 66 .8-> 5 8.5 68.6 3 2 .0 -> 3 2 .0 3 4 .0 3 0 .1 -> 2 7 .1 3 0 .4
C 1 4 48 hrs. 6 2 .1 -> 5 6 .1 69.2 2 2 .0 -> 2 3 .0 30 .0 2 4 .0 -> 2 3 .1 30 .1
C 1 5 7 2 hrs. 6 2 .5 -> 5 5 .0 68.4 1 2 .0 -> 1 3 .0 1 2 .0 1 4 .7 - > 1 3 .1 6  7 .8
C 1 6 96 hrs. CD U1 cp V cn 00 cn 68.3 ininCMAÓCDCM 32 .0 2 2 .8 -> 2 5 .7 29 .5
note: numbers in columns indicate
a. cycle 1 -> b. cycle 20 c.1st. cycle after 2nd. heat treatment.
Table 10
4.2 Effect of all cycles in DSC 
(a) 2 hours at 800°C (Sampled 7̂
Martensite peak
cvcle temp.°C oeak temp.°C heiaht mm AH J/a
1 . 800 50.0 51.5 25.1
2. II 47.0 50.5 24.8
3. 1« 44.9 49.0 24.3
4. H 43.9 48.0 24.3
5. II 42.9 47.0 23.9
6. 91 41.7 42.0 24.4
7. H 40.7 41.0 24.0
8. II 39.7 39.0 23.7
9. II 38.6 36.5 23.4
10. 99 38.5 35.5 23.4
1 1 .
n 38.3 33.0 20.1
12. tt 38.3 33.0 20.2
13. n 38.2 32.0 19.8
14. ii 37.3 34.0 22.8
15. ii 36.4 33.0 22.5
16. H 36.4 33.0 22.6
17. H 36.3 32.0 22.7
18. H 35.4 32.0 22.6
19. H 35.4 32.0 22.6
20. II 35.3 31.0 23.6
Austenite peak
cvcle temp.°C oeak temo.°C heiaht mm AH J/a
1. 800 73.6 38.0 27.6
2. II 71.6 37.0 26.8
3. it 69.5 38.0 25.7
4. II 68.5 38.5 26.0
5. II 68.5 39.0 25.9
6. n 67.5 39.5 25.0
7. ii 66.5 40.0 25.7
8 .
it 66.4 40.5 25.2
9. 91 65.4 41.5 24.0
10. ii 65.4 42.0 24.6
11. ii 62.6 40.5 20.6
12. ii 62.6 40.5 20.3
13. ii 63.4 44.5 24.1
14. n 63.4 45.0 24.1
15. ii 63.3 45.0 24.0
16. ii 63.3 45.0 24.2
17. 91 63.3 44.5 23.6
18. II 62.4 45.0 23.5
19. N 62.5 45.0 24.1
20. II 62.4 44.0 23.4
Table 11
4.2 Effect of all cycles in DSC
ib) 36 hours at 800°C (S a m p le d  81
cvcle tem p .°C peak tem D.°C heiaht mm AH J/a
1. 800 49.0 23.0 26.0
2. «1 46.0 23.0 25.5
3. « 44.1 23.0 25.4 v
4. H 44.0 22.0 24.8
5. Vf 43.0 22.0 24.6
6. H 42.0 20.0 24.5
7. «1 40.9 19.0 24.5
8. ft 39.9 19.0 24.8
9. tt 39.9 18.0 23.6
10. H 38.9 17.0 24.3
11. N 37.8 17.0 24.4
12. H 36.8 17.0 24.6
13. H 36.8 16.0 24.7
14. If 35.8 16.0 24.3
15. II 35.8 15.5 23.8
16. M 35.8 16.0 24.0
17. If 35.8 16.0 24.4
18. N 35.8 15.0 24.6
19. IV 34.8 15.0 24.0
20. II 33.8 14.5 24.5
Austenite peak 
cvcle temo.°C oeak temc.°C heiaht mm AH J/a
1. 800 72.3 18.5 30.0
2. N 68.2 19.0 28.8
3. It 66.2 20.0 28.2
4. M 66.2 20.0 28.3
5. It 66.2 20.5 28.1
6. II 65.2 20.0 27.2
7. H 65.2 20.0 27.2
8 .
M 64.2 20.5 27.6
9. " 64.2 20.0 26.7
1 0 .
II 64.2 20.0 27.2
11. " 63.2 21.0 27.2
12. II 63.2 21.5 27.3
13. II 63.2 21.0 27.1
14. " 62.2 22.0 25.8
15. II 62.2 21.5 25.1
16. II 62.2 21.0 25.2
17. H 62.2 21.0 25.3
18. t! 62.2 21.0 25.5
19. H 62.2 21.5 27.1
20. If 62.2 21.0 24.8
Table 12
4.3 Aging at 850°C
2 minutes -> 48 hours
all samples: 2 cycles DSC + 17 cycles manual + 1 cycle DSC + 
500°C/1 minute + 1 cycle DSC.
Martensite peak
sample time
0 1 2 min.
D 2 5 min.
D 3 10  min.
D 4 30 min.
D 5 60 min.
D 6 2 hrs.
D 7 4 hrs.
D 8 6 hrs.
D 9 8 hrs.
D 1 0 10  hrs.
D11 13  hrs.
D 1 2 24 hrs.
D 1 3 48 hrs.
peak temc.°C 
a b c
3 8 .9 - > 2 9 .4  36.0
4 0 .7 -  > 2 8 .7  3 8 .7
4 0 .3 - > 2 7 .1  38.5
3 9 .4 - > 2 9 .1 3 6 .7
4 0 .4 - > 2 9 .2  34 .9
4 0 .9 - > 2 8 .4  4 4 .6
4 3 .5 - > 30 .5  4 5 .3
4 2 .2 - > 2 8 .0  43.8
4 0 .3 - > 2 7 .5  3 4 .4
4 0 .0 -> 2 8 .3  4 7 .1
4 1 .9 - > 30 .8 4 6 .4
4 1 .8 - > 29 .9  4 4 .2
4 2 .4 -  > 30 .0  4 4 .0
Austenite peak
sample time
D 1 2  min.
D 2 5 min.
D 3 10  min.
D 4 30 min.
D 5 60 min.
D 6 2  hrs.
D 7 4 hrs.
D 8 6 hrs.
D 9 8 hrs.
D 1 0 10  hrs.
D 1 1 13  hrs.
D 1 2 24 hrs.
D 1 3 48 hrs.
peak temc.°C 
a b c
6 5 .9 - > 5 7 .4  6 7 .5
6 6 .9 - >5 8.5  68.8
6 7 .7 -  > 5 7 .7  6 9 .7
6 6 .3 -> 5 7 .4  6 7 .3
6 6 .8 - > 5 7 .7  6 7.9
6 7 .6 - > 5 7 .0  68.4
6 8 .2 - > 59.5 69.8
6 5 .9 - >56.8 68.2
6 5 .6 - > 5 7 .2  6 7.9
6 8 .2 - > 5 5.4 69.9
6 8 .5 - > 59.0 69.3
6 6 .3 - > 56.1 68.0
6 0 .6 - > 5 4.5  60.8
height mm
a  b CoCDCOAÓ00LO 1 15 2 .0
69 .0 -> 4 6 .0 16 4 .0
qCOCOAqLO 1 3 1 .0
7 1 .5 -> 4 8 .0 18 2 .0
cn q V CO çn b 14 5 .5
5 3 .0 -> 3 9 .0 5 7 .5
5 4 .0 -> 3 8 .0 5 7 .0
4 3 .0 -> 2 9 .0 4 7 .5
3 7 .0 -> 2 4 .0 10 4 .0
5 0.0 -> 36 .5 53.5
5 2.0 -> 3 8 .0 5 4.0
4 5 .0 -> 3 3 .5 49.0
2 3 .5 -> 18 .0 2 7 .0
height mm 
a b c
3 8 .5 - > 40.0  50.5
5 6 .0 - >53.5 68.0
4 0 .0 - >39.0 5 2.0
5 6 .0 - >58.0 66.5
3 9 .0 - >39.5 50.0
4 3 .5 - > 4 5 .0  4 7 .0
4 4 .5 - > 4 3 .0  45 .0
3 3 .0 - > 34.0  35.0
2 8 .0 - > 2 7 .5  35.0
4 1 .5 - > 4 3 .0  4 7 .0
4 4 .0 - > 4 4 .0  4 7 .0
3 7 .0 -  > 3 7 .5  4 1 .0
2 0 .0 - > 1 9.5 19 .5
AH J/g 
a b e
3 2 .7 -> 2 9 .1  33 .1
3 2 .3 - > 2 9 .1 3 3 .2
3 1 .5 -  > 2 7 .8  3 1 .5
3 1 .4 - > 2 8 .2  3 2 .0
3 2 .1 -  > 2 7 .9  3 1 .1
3 2 .1 -  > 2 8 .1 30 .8
3 3 .3 - > 29 .0  3 2 .4
2 4 .4 - > 2 6 .3  2 7 .6
2 5 .0 - > 23 .8  2 5 .6
3 1 .4 -  > 28 .0  3 1 .8
3 2 .0 - > 2 8 .9  3 2 .3
3 0 .0 - > 2 7 .9  3 0 .4
2 6 .6 - > 2 4 .4  2 7 .5
AH J/g 
a b e
3 3 .8 - > 30 .6  3 2 .7
3 3 .2 - > 3 0 .4  3 3 .3
3 2 .5 -> 2 8 .5  3 2 .4
3 2 .3 - > 2 9 .7  3 2 .2
3 2 .8 - > 30 .9 33 .0
3 5 .0 - > 3 2 .3  36.5
3 4 .0 - > 30 .8 34.5
2 8 .8 - > 26 .1 32 .1
2 7 .0 -  > 2 3 .5  2 3 .7
3 3 .1 -  > 3 1 .8  35.3
3 3 .7 -  > 3 1 .5 36.0 
33 .1 '> 3 0 .2  3 4 .5
2 7 .7 -  > 2 5 .9  25 .0
note: numbers in columns indicate
a. cycle 1 -> b. cycle 2 c. 1st. cycle after 2nd. heat treatment.
Table 13
4.4 Aging at 900°C
2 minutes to 20 hours
all samples: 2 cycles DSC + 17 cycles manual + 1 cycle DSC + 
500°C/1 minute + 1 cycle DSC.
Martensite oeak
sample time peak temo.°C heiaht mm AH J/a
a b e  a b c  a b c
E 1 2 min. 3 9 .4 -> 2 9 .2 38.3 8 1 .0 -> 6 0 .0  1 7 0 .0 3 2 .7 -> 2 8 .2 33 .3
E 2 5 min. 00OOCMACOd 4 1 .1 6 0 .0 -> 3 7.5  1 2 4 .0 0000CMA00CO 3 1 .4
E 3 10 min. 4 0 .2 -> 2 8 .8 4 4 .7 5 8.0 -> 39 .0  7 1 .5 3 2 .1 -> 2 9 .6 3 1 .9
E 4 15 min. 4 0 .8 -> 2 8 .2 39 .2 5 5 .0 -> 3 5 .0  1 4 2 .0 2 8 .5 -> 2 4 .4 28 .1
E 5 30 min. 3 8 .1-> 2 6 .0 38.8 5 7 .0 - > 4 1 .0 12 6 .5 2 7 .5 -> 2 6 .1 2 7 .6
E 6 60 min. 3 9 .1 -> 2 5 .7 4 3 .4 5 9.5 -> 39 .0  62.5 3 0 .5 -> 2 8 .0 3 0 .4
E 7 2 hrs. 39 .8 -> 2 6 .8 34.8 4 2 .0 -> 3 0 .5  13 6 .0 2 7 .8 -> 2 8 .4 30.1
E 8 3 hrs. 4 1 .3 -> 3 1 .3 4 4 .4 6 0 .5 -> 4 7.0  6 1 .5 3 2 .0 -> 2 9 .9 30.3
E 9 4 hrs. 3 9 .6 -> 2 7.9 4 1 .2 4 6 .0 -> 3 4 .0  10 0 .5 3 1 .4 -> 3 0 .8 3 0 .4
E 1 0 6hrs. 3 9 .4 -> 2 7 .6 4 2 .4 5 5 .5 -> 3 8 .0  60.0 qdCOACMC\iCO 3 2 .4
E 1 1 8 hrs. 4 1.8 -> 3 0 .9 4 4 .3 4 9 .5 -> 3 6 .0  53.0 3 1 .6 -> 2 9 .1 3 1 .1
E 1 2 10 hrs. 4 1.4 -> 2 6 .8 43.0 4 0 .5 -> 2 7 .0  4 0 .0 2 7 .6 -> 2 5 .7 28 .9
E 1 3 20 hrs. 4 1.9 -> 2 9 .8 44.6 4 6 .0 -> 3 4 .0  38 .5 3 1 .4 -> 2 9 .3 33.8
Austensite peak
samole time oeak temo.°C heiaht mm AH J/a
a b c a b c a b C
E 1 2 min. 6 5 .3 -> 5 7.1 6 7.8 6 0 .0 -> 65 .0  6 7 .0 3 2 .3 -> 3 0 .1 33.3
E 2 5 min. 6 6 .9 -> 5 7.1 68.3 4 5 .0 -> 4 5 .0  53.0 3 2 .1 -> 3 0 .5 3 1 .2
E 3 10 min. 6 7 .5 -> 5 7 .5 68.3 4 6 .5 -> 4 7 .0  55.0 3 3 .0 -> 3 1 .4 33.8
E 4 15 min. 6 9 .6 -> 6 1 .3 7 1 .0 4 3 .0 -> 4 1 .0 46.5 2 9 .5 -> 2 6 .6 28.6
E 5 30 min.
COCOLOA•M"CT>CD 70 .8 4 7.0 -> 4 9 .0  60.5 3 0 .0 -> 2 5 .5 30.8
E 6 60 min. 6 7.8 -> 5 9 .4 7 0 .4 4 6 .5 -> 4 7 .5  50.0 3 2 .9 -> 2 8 .8 3 4.3
E 7 2 hrs. 6 7 .7 -> 5 8 .4 69.5 3 1 .0 -> 36 .5  4 6 .0 2 7 .1 -> 3 0 .5 3 3 .2
E 8 3 hrs.
CDdCDACDeriCD 7 1 .3 4 6 .0 -> 4 7.0  49.0 00CMCOACDCMCO 3 4 .2
E 9 4 hrs. 6 7 .6 -> 5 7 .1 69.0 3 9 .0 -> 4 0 .0  46.0 3 2 .5 -> 3 1 .0 34.9
E 1 0 6 hrs.
o00LOALOCDCD 68.4 4 5 .5 -> 4 4 .5  50.5 33 .5 -> 2 9 .9 33.6
E 1 1 8 hrs.
OdCDAco’CD 7 0 .2 4 2 .0 -> 4 1.5  4 4 .0 3 2 .7 -> 2 9 .9 33.3
E 1 2 10 hrs. 6 7 .0 -> 5 7 .4 7 0 .2 3 3 .0 -> 3 2.5  36 .0 2 8 .5 -> 3 1 .1 3 0 .7
E 1 3 20 hrs. 68 .0->59.5 69.5 4 0 .0 -> 3 9 .0  4 1 .5 3 4 .2 -> 3 0 .2 3 3 .4
note: numbers in columns indicate
a. cycle 1 -> b. cycle 2 c. 1st. cycle after 2nd. heat treatment.
Table 14
4.5 Long term aging at 450°C
3 weeks (504 hours) at 45Q°C (Sample F1)
Martensite peak
cvcle temD.°C peak temD.°C heiaht mm AH J/a
1. 450 53.6 66.0 28.2
2. II 51.5 65.0 27.9 ‘
3. H 49.6 64.5 27.5
4. H 48.5 63.0 27.5
5. H 48.3 62.0 27.2
6. H 47.3 59.0 27.0
7. H 46.3 57.0 27.0
8. •1 46.1 54.0 26.7
9. " 45.2 52.0 26.6
1 0 .
n 45.0 50.5 26.7
11. H 44.0 48.0 26.3
12. H 43.9 47.0 26.6
13. II 43.0 46.0 26.7
14. II 41.9 43.0 25.8
15. «1 41.8 43.0 25.7
16. It 40.9 42.0 25.9
17. If 40.8 42.5 25.6
18. II 39.8 40.5 25.4
19. »1 39.8 41.0 25.4
20. II 39.8 41.0 26.0
Austenite peak
cvcle temD.°C ceak temD.°C heiaht mm AH J/a
1 . 450 7 7 .1 5 4.0 2 9 .7
2 .
•1 7 5 .1 53.5 2 9 .3
3. II 7 4 .1 53.5 2 8 .8
4 . H 7 4 .0 54.0 2 9 .4
5. II 7 3 .0 5 4.0 2 8 .2
6 .
H 7 2 .1 5 4.0 2 8 .1
7 . II 7 2 .0 54.0 2 8 .2
8 .
H 7 1 .1 5 4.0 2 7 .5
9. 1« 7 1 .0 5 4.0 2 7 .4
10. «1 7 1 .0 54.0 2 7 .5
1 1 .
»1 7 0 .1 54.0 2 7 .2
1 2 .
n 70 .0 5 4.5 2 6 .8
1 3 . ii 70 .0 54.5 2 6 .8
1 4 . it 69.0 55.5 2 6 .6
15 . ii 68.9 55.0 2 6 .7
16 . ii 68.9 55.0 2 6 .5
1 7 . ii 68.0 55.5 2 6 .3
18 . ii 6 7.9 56.0 2 6 .4
19 . ii 6 7.9 56.5 2 6 .4
2 0 .
ii 6 7.9 56.0 2 6 .3
Table 15
5. Effect of cold deformation and various heat 
treatments
* all heat treatments carried out for 5 minutes
Martensite peak
samole temp. peak temp.°C heiaht mm AH J/a
a b c a b C a b C
G1 400 50.4->41.5 59.6 76.0 ->0 7.0 33.4->4.9 15.9
G2 450 52.5->38.5 55.8 135 ->1.5 15.0,8.0 33.0->5.1 23.4
G3 500 51.0->43.4 48.0 119.0-> 0 22.0,17.0 32.6->3.8 28.2
G4 550 47.3->20.5 28.6 ' 59.5 ->3.0 24.5,36.0 30.1->8.3 28.9
G5 550 47.9->34.6 43.5 166.0->2.0 31.0,31.0 31.1->4.7 28.7
G6 550 49.7->32.5 23.7 151.0->2.0 32.0,39.5 32.6->5.5 29.9
G7 600 44.5->36.4 40.7 64.0 ->2.5 73.0 30.6->6.1 30.6
G8 650 47.5->33.6 47.4 66.0 ->1.5 60.0 31.0->4.6 30.4
G9 700 45.6->37.5 46.2 68.0 ->1.0 56.0 30.4->3.7 27.5
G10 750 49.5->34.6 47.6 69.5 ->1.5 59.0 31.3->4.5 28.5
G11 800 46.3->33.5 46.4 61.0 ->2.0 57.5 30.3->5.9 28.5
G12 850 47.6->23.3 47.5 46.0 ->1.Q 37.0 28.0->5.1 24.8
Austenite peak
sample temo.peak temp.°C
_!C a b C
G1 400 74.2->60.5 60.9
G2 450 75.8->50.4 59.3
G3 500 75.2->55.6 59.4
G4 550 72.2->56.4 61.7
G5 550 75.1->54.5 60.8
G6 550 75.1->59.5 58.6
G7 600 71.1->55.5 67.9
G8 650 74.0->55.5 72.0
G9 700 70.2->51.5 70.2
G10 750 73.0->53.4 73.1
G11 800 71.3->57.6 71.3
G12 850 70.8->56.7 71.9
heiaht mm AHJZa
a b C a b C
oCOAÒLOLO 26.0 ACOCO*CO 7.5 25.3
qcoAlqCOCO 46.0 33.3->8.2 28.0
57.0->2.5 43.0 33.1->6.5 27.8
47.5->7.0 62.0 31.5->10.628.7
qCO*AÖCO*to 57.0 31.8-> 6.3 29.1
oCOAqCOCO 72.0 ACOCOCO 7.8 30.0
cn q V cn Ö 57.0 CO p 00 V 8.8 30.8
qcoAqCOLO 53.0 31.5->7.3 30.3
51.0->2.0 46.0 30.6->5.7 27.5
53.0->3.0 49.0 31.7->5.9 28.8
qAqCO 46.0 - ->iB.1 28.9
34.0->2.5 30.0 29.0->8.4 25.9
note: numbers in columns indicate
a. cyclel (after original heat treatment)-> b. after cold
deformation -c. first cycle after second heat treatment.
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